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The RELAP5-3D® manuals are living documents and are being corrected
and updated continuously. A printed version of the manualsis frozen and
archived when a code version is released. This version of the manual
corresponds to RELAP5-3D® version 2.3, released April 2005.
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ABSTRACT

The RELAP5-3D° code has been developed for best-estimate transient simulation of light water
reactor coolant systems during postulated accidents. The code models the coupled behavior of the reactor
coolant system and the core for loss-of-coolant accidents and operational transients such as anticipated
transient without scram, loss of offsite power, loss of feedwater, and loss of flow. A generic modeling
approach is used that permits simulating a variety of therma hydraulic systems. Control system and
secondary system components are included to permit modeling of plant controls, turbines, condensers, and
secondary feedwater systems.

RELAP5-3D® code documentation is divided into six volumes: Volume | presents modeling theory
and associated numerical schemes; Volume |l details instructions for code application and input data
preparation; Volume I11 presentsthe results of developmental assessment cases that demonstrate and verify
the models used in the code; Volume IV discusses in detail RELAP5-3D® models and correlations;
Volume V presents guidelines that have evolved over the past severa years through the use of the

RELAP5-3D® code: and Volume VI discusses the numerical scheme used in RELAP5-3D®.
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EXECUTIVE SUMMARY

The RELAPS series of codes has been developed at the Idaho National Laboratory (INL) under
sponsorship of the U.S. Department of Energy, the U.S. Nuclear Regulatory Commission, members of the
International Code Assessment and Applications Program (ICAP), members of the Code Applications and
Maintenance Program (CAMP), and members of the International RELAPS Users Group (IRUG). Specific
applications of the code have included simulations of transientsin light water reactor (LWR) systems such
asloss of coolant, anticipated transients without scram (ATWS), and operational transients such as |oss of

feedwater, loss of offsite power, station blackout, and turbine trip. RELAP5-3D® , the latest in the series
of RELAPS codes, is ahighly generic code that, in addition to calculating the behavior of areactor coolant
system during a transient, can be used for simulation of awide variety of hydraulic and thermal transients
in both nuclear and nonnuclear systems involving mixtures of vapor, liquid, noncondensable gases, and
nonvolatile solute.

The mission of the RELAP5-3D®  devel opment program was to develop a code version suitable
for the analysis of al transients and postulated accidents in LWR systems, including both large- and
small-break |oss-of-coolant accidents (LOCAS) aswell asthe full range of operational transients.

The RELAP5-3D®  code is based on a nonhomogeneous and nonequilibrium model for the
two-phase system that is solved by a fast, partialy implicit numerical scheme to permit economical

calculation of system transients. The objective of the RELAP5-3D®  development effort from the outset
was to produce a code that included important first-order effects necessary for accurate prediction of
system transients but that was sufficiently simple and cost effective so that parametric or sensitivity studies
were possible.

The code includes many generic component models from which general systems can be simulated.
The component models include pumps, valves, pipes, heat releasing or absorbing structures, reactor
kinetics, electric heaters, jet pumps, turbines, separators, annuli, pressurizers, feedwater heaters, ECC
mixers, accumulators, and control system components. In addition, special process models are included for
effects such as form loss, flow at an abrupt area change, branching, choked flow, boron tracking, and
noncondensabl e gas transport.

The system mathematical models are coupled into an efficient code structure. The code includes
extensive input checking capability to help the user discover input errors and inconsistencies. Also
included are free-format input, restart, renodalization, and variable output edit features. These user
conveniences were developed in recognition that generally the major cost associated with the use of a
system transient code is in the engineering labor and time involved in accumulating system data and
developing system models, while the computer cost associated with generation of the final result isusually
small.

The development of the models and code versions that constitute RELAP5-3D® has spanned more
than two decades from the early stages of RELAPS5 numerical scheme development (circa 1976) to the
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present. RELAP5-3D® represents the aggregate accumulation of experience in modeling reactor core
behavior during accidents, two-phase flow processes, and LWR systems. The code development has
benefited from extensive application and comparison to experimental datain the LOFT, PBF, Semiscale,
ACRR, NRU, and other experimental programs.

The RELAP5-3D® version contains several important enhancements over previous versions of the

code. The most prominent attribute that distinguishes the RELAP5-3D® code from the previous versions
isthefully integrated, multi-dimensional thermal- hydraulic and kinetic modeling capability. Thisremoves
any restrictions on the applicability of the code to the full range of postulated reactor accidents.
Enhancements include a new matrix solver for 3D problems, new thermodynamic properties for water, and

improved time advancement for greater robustness. The multi-dimensional component in RELAP5-3D®
was developed to allow the user to more accurately model the multi-dimensional flow behavior that can be
exhibited in any component or region of a LWR system. Typically, this will be the lower plenum, core,
upper plenum and downcomer regions of an LWR. However, the model is general, and is not restricted to
use in the reactor vessel. The component defines a one, two, or three- dimensional array of volumes and
the internal junctions connecting them. The geometry can be either Cartesian (X, y, z) or cylindrica (r, 6,
2). An orthogonal, three-dimensional grid is defined by mesh interval input data in each of the three

coordinate directions. The multi-dimensional neutron kinetics model in RELAP5-3D® is based on the
NESTLE code, which solves the two or four group neutron diffusion equations in either Cartesian or
hexagona geometry using the Nodal Expansion Method (NEM) and the non-linear iteration technique.
Three, two, or one-dimensional models may be used. Severa different core symmetry options are available
including quarter, half, and full core options for Cartesian geometry and 1/6, 1/3, and full core options for
hexagonal geometry. Zero flux, non-reentrant current, reflective, and cyclic boundary conditions are
available. The steady-state eigenvalue and time dependent neutron flux problems can be solved by the

NESTLE code as implemented in RELAP5-3D®. The new Border Profiled Lower Upper (BPLU) matrix
solver is used to efficiently solve sparse linear systems of the form AX = B. BPLU is designed to take
advantage of pipelines, vector hardware, and shared-memory parallel architecture to run fast. BPLU is
most efficient for solving systems that correspond to networks, such as pipes, but is efficient for any
system that it can permute into border-banded form. Speed-ups over the previously used sparse matrix

solver are achieved in RELAP5-3D® running with BPLU on multi-dimensiona problems, for which it
was intended. For one-dimensional problems, the BPLU solver runs as fast or faster than the previously
used sparse matrix solver.

The RELAP5-3D® code manua consists of six separate volumes. The modeling theory and
associated numerical schemes are described in Volume |, to acquaint the user with the modeling base and
thus aid in effective use of the code. Volume Il contains more detailed instructions for code application and
specific instructions for input data preparation.

Volume |1l presents the results of developmental assessment cases run with RELAP5-3D° to

demonstrate and validate the models used in the code. The assessment matrix contains phenomenol ogical
problems, separate-effects tests, and integral systems tests.
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Volume IV contains a detailed discussion of the models and correlations used in RELAP5-3D® . It
presents the user with the underlying assumptions and simplifications used to generate and implement the
base equations into the code so that an intelligent assessment of the applicability and accuracy of the
resulting calculations can be made. Thus, the user can determine whether RELAP5-3D° is capable of
modeling his or her particular application, whether the calculated results will be directly comparable to
measurement or whether they must be interpreted in an average sense, and whether the results can be used
to make quantitative decisions.

Volume V provides guidelines for users that have evolved over the past several years from

applications of the RELAP5-3D® code at the Idaho National Laboratory, at other national laboratories,
and by users throughout the world.

Volume VI discusses the numerical schemein RELAP5-3D® .
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NOMENCLATURE

cross-sectional area (m?), coefficient matrix in hydrodynamics, coefficient in
pressure and velocity equations

coefficient in heat conduction equation at boundaries
throat area (m?)

speed of sound (mV/s), interfacial area per unit volume (m™), coefficient in gap
conductance, coefficient in heat conduction equation, absorption coefficient

coefficient matrix, drag coefficient, coefficient in pressure and velocity equations
coefficient in heat conduction equation at boundaries

coefficient in heat conduction equation, source vector in hydrodynamics

body force in x coordinate direction (m/sz)

body forceiny coordinate direction (m/sz)

coefficient of virtual mass, general vector function, coefficient in pressure and
velocity eguations, delayed neutron precursors in reactor kinetics, concentration,
pressure-dependent coefficient in Unal’ s correlation (1/Kes)

coefficient in noncondensabl e specific internal energy equation (J/kgeK)
constants in drift flux model

drag coefficient

specific heat at constant pressure (JkgeK)

specific heat at constant volume (JkgeK), valve flow coefficient

coefficient in heat conduction equation, coefficient in new-time volume-average
velocity equation, constant in CCFL model

coefficient of relative Mach number, diffusivity, pipe diameter or equivalent
diameter (hydraulic diameter) (m), heat conduction boundary condition matrix,
coefficient in pressure and velocity equations

coefficient in noncondensable specific internal energy equation (JkgeK?)
coefficient of heat conduction equation at boundaries

coefficient in heat conduction equation, droplet diameter (m)

energy dissipation function (W/mq)

specific total energy (U + v2/2) (J/kg), emissivity, Young's modulus, term in
iterative heat conduction algorithm, coefficient in pressure equation

interfacial roughness

term in iterative heat conduction algorithm, gray-body factor with subscript,
frictional loss coefficient, vertical stratification factor
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FA

FIF, FIG

Fl

FWF, FWG
f

G

GC
Gr

H

HLOSSF, HLOSSG

h

force per unit volume

interphase drag coefficients (liquid, vapor/gas) (s1)

interphase drag coefficient (m3/kges)

wall drag coefficients (liquid, vapor/gas) (s)

interphase friction factor, vector for liquid velocities in hydrodynamics

mass flux (kg/mz-s), shear stress, gradient, coefficient in heat conduction, vector
guantity, fraction of delayed neutronsin reactor kinetics

dynamic pressure for valve (Pa)
Grashof number

gravitational constant (m/sz), temperature jump distance (m), vector for vapor/gas
velocities in hydrodynamics

elevation (m), volumetric heat transfer coefficient (W/Km?3), head (m)
form or frictional losses (liquid, vapor/gas) (m/s)

specific enthalpy (Jkg), heat transfer coefficient (W/mz-K), energy transfer
coefficient for I'g, head ratio

dynamic head loss (m)

identity matrix, moment of inertia (N-m-s?)
junction velocity (m/s)

superficial velocity

energy form loss coefficient

Spring constant

Kutateladze number

thermal conductivity (W/meK)

Boltzmann constant

length, limit function, Laplace capillary length

Mach number, molecular weight, pump two-phase multiplier, mass transfer rate,
mass (kg)

constant in CCFL model

number of system nodes, number density (#/m3), pump speed (rad/s),
nondimensional number

Nusselt number
unit vector, order of equation system

valve closing back pressure (Pa)
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Rn! RS

V
Vb
VFDP, VGDP

VIS
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pressure (Pa), reactor power (W), channel perimeter (m), turbine power (W)
nitrogen pressure in accumulator dome (Pa)

relates reactor power to heat generation rate in heat structures

atmospheric pressure (Pa)

wetted perimeter (m), particle probability function

specified pressure required to close avalve (Pa)

Prandtl number

volumetric heat addition rate (W/m3), space dependent function, volumetric flow
rate (m°/s)

total heat transfer rate to vapor dome (W)
heat transfer rate (W), heat flux (W/m?)

radius (m), surface roughness in gap conductance, radiation resistance term,
nondimensional stratified level height

Reynolds number
the particle Reynolds number
gas constants (noncondensable, vapor) (Nem/kgeK)

reaction fraction for turbine, radia position, ratio of volume centered boron
density gradients

Chen's boiling suppression factor, stress gradient, specific entropy (JkgeK),
shape factor, real constant, source term in heat conduction or reactor kinetics (W)

surface, Laplace transform variable

temperature (K), trip

critical temperature (K)

reduced temperature (K)

specified time-dependent function in heat conduction

time (s)

specific internal energy (Jkg), vector of dependent variables
radial displacement in gap conductance (m)

volume (m3), specific volume (m3/kg), control quantity
volume of noncondensable in accumulator dome (m3)

coefficient for pressure change in momentum equations (liquid, vapor/gas)
(m/s-Pa)

numerical viscosity termsin momentum equations (m?/s%)
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VISF, VISG
VUNDER, VOVER

\'

AZ

AP
AP
AV
At
At
AX

numerical viscosity termsin momentum equations (liquid, vapor/gas) (m?%/s?)
separator model parameters (liquid, vapor/gas)

mixture velocity (m/s), phasic velocity (m/s), flow ratio, liquid surge line velocity
(m/s)

choking velocity (m/s)

weight of valve disk, weighting function in reactor kinetics, relaxation parameter
in heat conduction, shaft work per unit mass flow rate, mass flow rate

critical Weber number

Weber number

humidity ratio

flow quality, static quality, mass fraction, conversion from MeV/s to watts
gpatial coordinate (M), vector of hydrodynamic variables

control variable

two-phase friction correlation factor, function in reactor kinetics

height of volume

elevation change coordinate (m)

Symbols

void fraction, subscripted volume fraction, angular acceleration (rad/sz),
coefficient for least-squares fit, speed ratio

coefficient of isobaric thermal expansion (K1), effective delayed neutron fraction
in reactor kinetics

volumetric mass exchange rate (kg/mdes)
exponential function in decay heat model
dynamic pressure loss (Pa)

increment in vapor pressure (Pa)

increment in specific volume of vapor (m3/kg)
increment in time variable (9)

Courant time step (9)

increment in spatial variable (m)

area ratio, truncation error measure, film thickness (m), impulse function,
Deryagin number

coefficient, strain function, emissivity, tabular function of area ratio, surface
roughness, wall vapor generation/condensation flag
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diffusion coefficient, multiplier, or horizontal stratification terms
efficiency, bulk/saturation enthalpy flag

relaxation time in correlation for T", angular position (rad), discontinuity detector
function

coefficient of isothermal compressibility (Pat)
prompt neutron generation time, Baroczy dimensionless property index

eigenvalue, interface velocity parameter, friction factor, decay constant in reactor
kinetics

viscosity (kg/mes)

kinematic viscosity (m?/s), Poisson’s ratio
exponential function, RMS precision

3.141592654

density (kg/m3), reactivity in reactor kinetics (dollars)
fission cross-section

depressurization rate (Pa/s)

surface tension (J/m2), stress, flag used in heat conduction equations to indicate
transient or steady-state

shear stresses (N), torque (N-m)
specific volume (m3/kg)

donored property, Lockhart-Martinelli two-phase parameter, neutron flux in
reactor kinetics, angle of inclination of valve assembly, velocity-dependent
coefficient in Unal’s correlation

Roe' s superbee gradient limiter
Lockhart-Martinelli function
coefficient, fission rate (number/s)

angular velocity, constant in Godunov solution scheme

Subscripts
annular mist to mist flow regime transition
average value
liquid film in annular mist flow regime
bubbly-to-slug flow regime transition

bubble, boron
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bulk
CHF

c

cm
co
core
cr, crit
cu

D

DE

d

drp

e

ent
F
FB, FBB

fg

flow

fp
fr

front

ge

HE
h, hy, hydro

IAN

bulk fluid
value at critical heat flux condition

vena contract, continuous phase, cladding, critical property, cross-section,
condensation

cladding midpoint

carryover

vapor/gas core in annular-mist flow regime

critical property or condition

carryunder

drive line, vapor dome, discharge passage of mechanical separator
value at lower end of slug to annular-mist flow regime transition
droplet, delay in control component

droplet

equilibrium, equivalent quality in hydraulic volumes, valve ring exit, elastic
deformation, entrainment

entrainment

wall friction, fuel

film boiling, Bromley film boiling
liquid phase, flooding, film, flow
phasic difference (i.e., vapor/gas term-liquid term)
flow

onset of vapor/gas pull-through
frictional

value at thermal stratification front
vapor/gas phase, gap

incipient liquid entrainment

head

homogeneous equilibrium
hydraulic

interface

inverted annular flow regime

interface, index
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volumeinlets

isothermal

spatial noding indices for junctions

spatial noding index for volumes

iteration index in choking model

gpatial noding index for volume, laminar

value at two-phase level

left boundary in heat conduction

rightmost boundary in heat conduction, spatial noding index for volume
mixture property, motor, mesh point

minimum value

nozzle

noncondensable component of vapor/gas phase

reference value

volume outlets

partial pressure of vapor, particle, projected

cross-section of flow channel

rated values

relative Mach number, right boundary in heat structure mesh
reference value

root mean square

suction region

value at upper end of slug to annular-mist flow regime transition
vapor component of vapor/gas phase, superheated

saturated quality

small bubbles

surface of heat structure

stratified

standard precision

point of minimum area, turbulent

transition boiling
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Tb

t

up

v

w

wall
wg, wf
1

19

2

20

exp
m-1, m, m+1
n, n+l

n+1/2

(72)

N E <

Taylor bubble

total pressure, turbulent, tangential, throat

upstream quantity

mass mean Mach number, vapor/gas quantity, valve
wall, water

wall

wall to vapor/gas, wall to liquid

upstream station, multiple junction index, vector index
single-phase value

downstream station, multiple junction index, vector index
two-phase value

torque

viscosity

infinity

vector

Matrix

Superscripts
bulk liquid
boundary gradient weight factor in heat conduction, vector quantities
old time termsin velocity eguation, used to indicate explicit velocities in choking
mesh points in heat conduction finite difference equation or mean value
time level index
an average of quantities with superscripts n and n+1
initial value
real part of complex number, right boundary in heat conduction
saturation property, space gradient weight factor in heat conduction
volume gradient weight factor in heat conduction
wall
vector index, coefficient in velocity egquation

vector index
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total derivative of a saturation property with respect to pressure, local variable,
bulk/saturation property

derivative

vector, average quantity

donored quantity

unit momentum for mass exchange, intermediate time variable

linearized quantity, quality based on total mixture mass
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1 Introduction

The RELAP5 series of codes has been developed at the Idaho National Laboratory (INL) under
sponsorship of the U.S. Department of Energy, the U.S. Nuclear Regulatory Commission, members of the
International Code Assessment and Applications Program (ICAP), members of the Code Applications and
Maintenance Program (CAMP), and members of the International RELAPS Users Group (IRUG). Specific
applications of the code have included simulations of transientsin light water reactor (LWR) systems, such
asloss of coolant, anticipated transients without scram (ATWS), and operational transients such as |oss of

feedwater, loss of offsite power, station blackout, and turbine trip. RELAP5-3D® , the latest code version
in the series of RELAP5S codes, is a highly generic code that, in addition to calculating the behavior of a
reactor coolant system during a transient, can be used for simulation of a wide variety of hydraulic and
thermal transients in both nuclear and nonnuclear systems involving mixtures of vapor, liquid,
noncondensabl e gas, and nonvolatile solute.

1.1 Development of RELAP5-3D®

The RELAP5-3D® code is a successor to the RELAP5/MOD3 codel 1"t which was developed for
the Nuclear Regulatory Commission. Department of Energy sponsors of the code extensions in

RELAP5-3D® include Savannah River Laboratory, Bettis Atomic Power Laboratory, the International
RELAP5 Users Group (IRUG), and the Laboratory Directed Research and Development Program at the

INL. The RELAP5-3D® version contains severa important enhancements over previous versions of the

code. The most prominent attribute that distinguishes the RELA P5-3D° code from the previousversionsis
the fully integrated, multi-dimensional thermal- hydraulic and kinetic modeling capability. This removes
any restrictions on the applicability of the code to the full range of postulated reactor accidents.
Enhancements include a new matrix solver for 3D problems, new thermodynamic properties of water, and

improved time advancement for greater robustness. The multi-dimensional component in RELAP5-3D®
was devel oped to allow the user to more accurately model the multi-dimensional flow behavior that can be
exhibited in any component or region of a LWR system. Typically, this will be the lower plenum, core,
upper plenum and downcomer regions of an LWR. However, the model is general, and is not restricted to
use in the reactor vessel. The component defines a one, two, or three- dimensional array of volumes and
the internal junctions connecting them. The geometry can be either Cartesian (X, y, z) or cylindrica (r, 6,
2). An orthogonal, three-dimensional grid is defined by mesh interval input data in each of the three

coordinate directions. The multi-dimensional neutron kinetics model in RELAP5-3D® is based on the
NESTLE code, which solves the two or four group neutron diffusion equations in either Cartesian or
hexagona geometry using the Nodal Expansion Method (NEM) and the non-linear iteration technique.
Three, two, or one-dimensional models may be used. Several different core symmetry options are available
including quarter, half, and full core options for Cartesian geometry and 1/6, 1/3, and full core options for
hexagonal geometry. Zero flux, non-reentrant current, reflective, and cyclic boundary conditions are
available. The steady-state eigenvalue and time dependent neutron flux problems can be solved by the

NESTLE code as implemented in RELAP5-3D® . The new Border Profiled Lower Upper (BPLU) matrix
solver is used to efficiently solve sparse linear systems of the form AX = B. BPLU is designed to take
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advantage of pipelines, vector hardware, and shared-memory parallel architecture to run fast. BPLU is
most efficient for solving systems that correspond to networks, such as pipes, but is efficient for any
system that it can permute into border-banded form. Speed-ups over the previously used sparse matrix
solver are achieved in RELAP5-3D° running with BPLU on multi-dimensional problems, for which it
was intended. For one-dimensional problems, the BPLU solver runs as fast or faster than the previously
used default solver.

1.1.1 References

1.1-1. The RELAP5 Development Team, RELAP5/MOD3 Code Manual, Volumes 1 and 2,
NUREG/CR-5535, INEL-95/0174, Idaho National Engineering Laboratory, August 1995.

1.2 Quality Assurance

RELAP5-3D® is maintained under a strict code-configuration system that provides a historical
record of the changes in the code. Changes are made using a version control system that allows separate
identification of improvements made to each successive version of the code. Modifications and
improvements to the coding are reviewed and checked as part of aformal quality program for software. In
addition, the theory and implementation of code improvements are validated through assessment
calculations that compare the code-predicted results to idealized test cases or experimental results.
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2 Code Architecture

Modeling flexibility, user-convenience, computer efficiency, and design for future growth were
primary considerations in the selection of the basic architecture of the code. The following sections cover
computer adaptability, code top level organization, input processing, and transient operation.

2.1 Computer Adaptability

RELAP5-3D® is written in FORTRAN 77 for a variety of 64-bit and 32-bit computers. Here, a
64-bit computer is one in which floating point, integer, and logical quantities use 64-bit words; a 32-bit
machine uses 32-bit words for those same quantities but also allows 64-bit floating point operations.
Examples of 64-hit computers are Cray and Cyber-NOS-VE mainframes, DEC Alpha workstations, and
SGI workstations. Examples of 32-bit computers include IBM mainframes, such as a 3090; DEC, HP,
IBM, SGI, and SUN workstations; and personal computers.

A common source is maintained for all computer versions. The common source is conditioned for a
particular computer and operating system through the use of two precompilers maintained as part of

RELAP5-3D® . The first precompiler processes compile time options such as machine and operating
system dependencies. Through the use of standard Fortran and a widely used standard for bit operations,
thereis very little hardware dependence. The primary hardware dependence isin matrix factoring routines
where details of the floating point characteristics are needed to monitor roundoff error. A future full

conversion to the Fortran90 standard should remove al hardware dependencies. RELAP5-3D® s
developed and maintained at INL on computers using the UNIX operating system. Some user-convenient
features have been incorporated into the code based on UNIX, but these are under compile time option.
The code does not depend on any particular operating system. The installation scripts distributed with the
code are UNIX based, and control language to install and execute the code must be devel oped by the user
for other operating systems. The source code appears to be written only for 64-bit machines. The second
precompiler, however, converts the code for 32-bit computers by converting floating point variables to
double precision, changing floating point literals to double precision, and adding an additional subscript to
integer and logical arrays that are equivalenced to double precision floating point arrays such that they
index as 64-bit quantities even though only 32-bit integer arithmetic and logical operations are used. As an
example of the additional subscript, an integer statement would be changed from INTEGER 1A (1000000)
to INTEGER 1A(2,1000000).

Transmittals of the code usually show the installation and execution of sample problems on severa
machines. The machines used depend on the machines currently available to the development staff.

2.2 Top Level Organization
RELAP5-3D® s coded in a modular fashion usi ng top-down structuring. The various models and

procedures are isolated in separate subroutines. The top level structure is shown in Figure 2.2-1 and
consists of input (INPUTD), transient/steady-state (TRNCTL), and stripping (STRIP) blocks.
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RELAPS

INPUTD TRNCTL STRIP

Figure 2.2-1 RELAP5-3D® top level structure.

The input block (INPUTD) processes input, checks input data, and prepares required data blocks for
all program options and is discussed in more detail in Section 2.3.

The transient/steady-state block (TRNCTL) handles both transient and the steady-state options. The
steady-state option determines the steady-state conditions if a properly posed steady-state problem is
presented. Steady-state is obtained by running an accelerated transient until the time derivatives approach
zero. Thus, the steady-state option is very similar to the transient option but contains convergence testing
algorithms to determine satisfactory steady-state, divergence from steady-state, or cyclic operation. If the
transient technique alone were used, approach to steady-state from an initial condition would be identical
to a plant transient from that initial condition. Pressures, densities, and flow distributions would adjust
quickly, but thermal effects would occur more slowly. To reduce the transient time required to reach
steady-state, the steady-state option artificially accelerates heat conduction by reducing the thermal
capacity of the conductors. The transient/steady-state block is discussed in more detail in Section 2.4.

The strip block (STRIP) extracts smulation data from a restart-plot file for convenient passing of
RELAP5-3D® simulation results to other computer programs.

2.3 Input Processing Overview

RELAP5-3D° provides detailed input checking for all system models using three input processing
phases. The first phase reads all input data, checks for punctuation and typing errors (such as multiple
decimal points and letters in numerical fields), and stores the data keyed by card number such that the data
are easily retrieved. A list of the input dataiis provided, and punctuation errors are noted.

During the second phase, restart data from a previous simulation are read if the problem is a
RESTART type, and all input data are processed. Some processed input is stored in fixed common blocks,
but the mgjority of the data are stored in dynamic data (common) blocks that are created only if needed by
a problem and sized to the particular problem. In a NEW-type problem, dynamic blocks must be created.
In RESTART problems, dynamic blocks may be created, deleted, added to, partially deleted, or modified
as modeling features and components within models are added, deleted, or modified. Extensive input
checking is done, but at this level, checking is limited to new data from the cards being processed.
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Relationships with other data cannot be checked because the latter may not yet be processed. As an
illustration of this level of checking, junction data are checked to determine if they are within the
appropriate range (such as positive, nonzero, or between zero and one) and volume connection codes are
checked for proper format. No attempt is made at this point to check whether or not referenced volumes
exist in the problem until all input data are processed.

The third phase of processing begins after all input data have been processed. Since all data have
been placed in fixed common or dynamic data (common) blocks during the second phase, complete
checking of interrelationships can proceed. Examples of cross-checking are existence of hydrodynamic
volumes referenced in junctions and heat structure boundary conditions; entry or existence of materia
property data specified in heat structures; and validity of variables selected for minor edits, plotting, or
used in trips and control systems. As the cross-checking proceeds, cross-linking of the data blocks is done
so that it need not be repeated at every time step. The initiaization required to prepare the model for the
start of the transient advancement is done at this level.

Input data editing and diagnostic messages can be generated during the second and/or third phases.
Input processing for most models generates output and diagnostic messages during both phases. Thus,
input editing for these models appears in two sections.

As errors are detected, various recovery procedures are used so that input processing can be
continued and a maximum amount of diagnostic information can be furnished. Recovery procedures
include supplying default or benign data, marking the data as erroneous so that other model s do not attempt
use of the data, or deleting the bad data. The recovery procedures sometimes generate additional diagnostic
messages. Often after attempted correction of input, different diagnostic messages appear. These can be
due to continued incorrect preparation of data, but the diagnostics may result from the more extensive
testing permitted as previous errors are eliminated.

2.4 Transient Overview

Figure 2.4-1 shows the functional modular structure for the transient calculations, while Figure
2.4-2 shows the second-level structures for the transi ent/steady-state blocks or subroutines.

The subroutine TRNCTL shown in Figure 2.4-2 consists only of thelogic to call the next lower level
routines. Subroutine TRNSET performs final cross-linking of information between data blocks, sets up
arraysto control the sparse matrix solution, establishes scratch work space, and returns unneeded computer
memory. Subroutine TRAN, the driver, controls the transient advancement of the solution. Nearly al the
execution time is spent in this block, and this block is the most demanding of memory. Nearly all the
dynamic data blocks must be in the central memory, and the memory required for instruction storage is
high, since coding to advance al models resides in this block. When transient advances are terminated, the
subroutine TRNFIN releases space for the dynamic data blocks that are no longer needed.

A description is next presented of the functions of all of the modules (subroutines) driven by TRAN
(seeFigure 2.4-2).
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Driver
Level Equation of
model state boundary Hydrodynamics Control
control volumes system
y Y y Y
Trip Heat Reactor Time
system structure kinetics o ;?Pol
Figure 2.4-1 Modular structures of transient calculationsin RELAP5-3D° .
TRNCTL
TRNSET TRAN TRNFIN
CHKLEV TSTATE HYDRO CONVAR
TRIP HTADV RKIN DTSTEP

Figure 2.4-2 Transient/steady-state block structure.
The level module (CHKLEV) controls the movement of two-phase levels between volumes.

The trip system module (TRIP) evaluates logical statements. Each trip statement is a simple logical
statement that has a true or false result. The decision of what action is needed resides within the
components in other modules. For example, valve components are provided that open or close the valve

based on trip values; pump components test trip status to determine whether a pump electrical breaker has
tripped.
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The equation of state boundary volume module (TSTATE) calculates the thermodynamic state of the
fluid in each hydrodynamic boundary volume (time-dependent volume). This subroutine also computes
velocities for the time-dependent junctions.

The heat structure module (HTADV) advances heat conduction/transfer solutions. It calculates heat
transferred across solid boundaries of hydrodynamic volumes.

The hydrodynamics module (HY DRO) advances the hydrodynamic solution.

The reactor kinetics module (RKIN) advances the reactor kinetics of the code. It computes the power
behavior in anuclear reactor using the space-independent or point kinetics approximation, which assumes
that power can be separated into space and time functions. It also optionally computes the power using a
multi-dimensional nodal kinetics model.

The control system module (CONVAR) provides the capability of simulating control systems
typically used in hydrodynamic systems. It consists of severa types of control components. Each
component defines a control variable as a specific function of time-advanced quantities. The
time-advanced quantities include quantities from hydrodynamic volumes, junctions, pumps, valves, heat
structures, reactor kinetics, trip quantities, and the control variables themselves. This permits control
variables to be devel oped from components that perform simple, basic operations.

The time step control module (DTSTEP) determines the time step size, controls output editing, and
determines whether the transient advancements should be terminated. During program execution, this
module displays such information as CPU time, problem time, time step size, and advancement number on
the standard output, usually aterminal screen.

In the next sections of this volume of the manual, the various transient modules will be discussed.
These are in the following order: hydrodynamics, heat structures, trips, control system, reactor Kinetics,
and special techniques (includes time step control).
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3 Hydrodynamic Model

The RELAP5-3D®  hydrodynamic model is a transient, two-fluid model for flow of a two-phase
vapor/gas-liquid mixture that can contain noncondensable components in the vapor/gas phase and/or a
soluble component in the liquid phase. A one-dimensional as well as a multi-dimensional hydrodynamic

model is included in the code. The hydrodynamic model is based on the PILOT30-130-230-3 ¢oqe
developed at the INL.

The RELAP5-3D® hydrodynamic model contains several options for invoking simpler
hydrodynamic models. These include homogeneous flow, thermal equilibrium, and frictionless flow
models. These options can be used independently or in combination. The homogeneous and equilibrium
models were included primarily to be able to compare code results with calculations from the older codes
based on the homogeneous equilibrium model.

The two-fluid equations of motion that are used as the basis for the RELAP5-3D® hydrodynamic
model are formulated in terms of volume and time-averaged parameters of the flow. Phenomena that
depend upon transverse gradients, such as friction and heat transfer, are formulated in terms of the bulk
properties using empirical transfer coefficient formulations. In situations where transverse gradients
cannot be represented within the framework of empirical transfer coefficients, such as subcooled boiling,
additional models specially developed for the particular situation are employed. The system model is
solved numerically using a semi-implicit finite-difference technique. The user can select an option for
solving the system model using a nearly-implicit finite-difference technique, which allows violation of the
material Courant limit. This option is suitable for steady-state calculations and for slowly varying,
quasi-steady transient calculations.

The basic two-fluid differential equations possess complex characteristic roots that give the system a
partialy elliptic character and thus constitute an ill-posed initial boundary value problem. In

RELAP5-3D° | the numerical problem is rendered well-posed by the introduction of artificial viscosity
terms in the difference equation formulation that damp the high frequency spatia components of the
solution. Thisis discussed further in Refer ence 3.0-4 (Chapter 9). The ill-posed character of the two-fluid
model is a result of the spatial averaging process and neglect of higher-order physical effects in the
momentum formulation. Ransom and Hicks>%>30-6 have studied several formulations in which two
pressures (one for each fluid) are included in the model, and these models are totally hyperbolic and thus
constitute well-posed problems. A curious feature of the two-pressure approach, that was pointed out by
Trapp and Ransom,? is that a well-posed problem is obtained without the addition of any viscous effects,
which are known to be responsible for physical stabilization in real flows. Trapp and Ransom? indicated

that in this case, a well-posed problem is obtained as a result of an unphysically large transverse inertia at
short wave lengths. In addition, the two-pressure model was developed for stratified flows having asimple

a. Personal communication, J. A. Trapp and V. H. Ransom to R. A. Riemke, January 1990.
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interfacial geometry, and it is unclear how to extend this concept to more general interfacial geometries.

Limited numerical studies by Ransom and Scofield®>%7 have shown that solutions for the two-pressure
model compare very well to that for the single-pressure model with damping (i.e., artificial viscosity). In
general, the differences are significant only for short wavelength components of the solution where
numerical truncation error is dominant. Thus, either approach provides a valid numerical simulation at
solution component wavelengths of interest in most reactor safety problems. The simpler formulation of
the single-pressure model favors using that approach.

Ramshaw and Trapp®® developed a model in which surface tension was included such that the
phasic pressures were, in general, different. They found this model to also be well-posed and investigated
the characteristics of the model by dispersion analysis. Relative to numerical considerations they found
that, in order to achieve astable model at the macroscale of a practical discretization interval, an artificially
large surface tension is required. They did not advocate the addition of surface tension as a means of
achieving a stable numerical model, but offered this model as a means of providing insight to the ill-posed
nature of the basic model. As with the two-pressure model, the surface tension model was developed for
stratified flows having a ssimple interfacial geometry, and it is unclear how to extend this concept to more
general interfacial geometries.

Trapp®%° hasinvestigated a differential model in which the Reynolds stress-like terms that appear in
the averaged formulation, but have usually been omitted, are modeled using the criterion that all unstable
behavior be eliminated. This approach resultsin awell-posed problem, but the model has yet to be applied.

Ransom and Mousseau®%1030-11 have shown that the RELAP5-3D®  implementation of the
two-fluid model is consistent, stable, and convergent. In particular it was shown that the use of the
ill-posed differential operator does not lead to instabilities or divergent behavior even for finer nodalization
than is practical to use in applications. In fact the behavior of the ill-posed model was shown to be very
similar to that of the well-posed two-pressure model, which is also consistent, stable, and convergent.
When contemporary constitutive models for two-phase flow are included and the model was applied to a

physical problem, convergence is obtained for a practical range of discretization interval. In no case was

there an indication of divergent or unbounded behavior. Trapp®%12 pointed out that no one has found a

case where a growing mode has been traced to the complex characteristics feature of the model. Thisis
discussed further in Volume VI (Section 4) of the manual, in Reference 3.0-4 (Chapter 9), and in
Reference 3.0-13.

The semi-implicit numerical solution scheme uses a direct sparse matrix solution technique for time
step advancement. It is an efficient scheme and results in an overall grind time per node on the CRAY
XMP/24 of ~0.00053 seconds, on the DEC Alpha 3000 of ~0.00057 seconds, and on the DECstation 5000
of ~0.00259 seconds. The method has a material Courant time step stability limit. However, this limit is
implemented in such a way that single-node Courant violations are permitted without adverse stability
effects. Thus, single small nodes embedded in a series of larger nodes will not adversely affect the time
step and computing cost. The nearly-implicit numerical solution scheme also uses a direct sparse matrix
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solution technique for time step advancement. This scheme has a grind time that is 25 to 60% greater than
the semi-implicit scheme but allows violation of the material Courant limit for al nodes.

3.0.1 References

3.0-1.

3.0-2.

3.0-3.

3.0-4.

3.0-5.

3.0-6.
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3.1 Field Equations

The RELAP5-3D® thermal-hydraulic model solves eight field equations for eight primary
dependent variables. The primary dependent variables are pressure (P), phasic specific internal energies
(Ug, Uy), vapor/gas volume fraction (void fraction) (ag), phasic velocities (v, vf), noncondensable quality
(Xp), and boron density (py,). For the one-dimensional equations, the independent variables are time (t) and
distance (x). For the multi-dimensional equations, the independent variables are time (t) and distance (X, v,
z for Cartesian; r, 06, z for cylindrical). Noncondensable quality is defined as the ratio of the

noncondensable gas mass to the total vapor/gas phase mass, i.e., X, = M—-l\—i[r—nl-\-/[— , where M, is the mass of

noncondensable in the vapor/gas phase and My is the mass of the vapor in the vapor/gas phase. The
secondary dependent variables used in the equations are phasic densities (pg, pr), phasic temperatures (Tg,

T;), saturation temperature (T°), and noncondensable mass fraction in noncondensable gas phase (X, for
the i-th noncondensabl e species, i.e.,

X, = —8- = (3.1-1)

where My, is the mass of the i-th noncondensable in the vapor/gas phase, M,, is the total mass of
noncondensable gas in the vapor/gas phase, and N is the number of noncondensables.

The basic two-fluid differential equations that form the basis for the hydrodynamic model are next
presented. This discussion will be followed by the development of a convenient form of the differential
equationsthat is used asthe basis for the numerical solution scheme. The modifications necessary to model
horizontal stratified flow are also discussed. Subsequently, the semi-implicit scheme difference equations
and the associated time-advancement scheme are discussed. Next, the nearly-implicit scheme difference
equations and the associated time-advancement scheme are presented. Finaly, the volume average
velocity formulations, implicit hydrodynamic/heat structure coupling, and the boron transport equation
numerical solution are presented.

3.1.1 Basic Differential Equations

The differential form of the one-dimensional transient field equations is first presented for a
one-component system. The modifications necessary to consider noncondensables as a component of the
vapor/gas phase and boron as a nonvolatile solute component of the liquid phase are discussed separately.
The multi-dimensional model is also discussed separately.

3.1.1.1 Vapor/Liquid System. The basic field equations for the two-fluid nonequilibrium model

consist of two phasic continuity equations, two phasic momentum equations, and two phasic energy
eguations. The equations are recorded in differential stream tube form with time and one space dimension
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asindependent variables and in terms of time and volume-average dependent variables.? The devel opment

of such equations for the two-phase process has been recorded in several references®1131-23183 gnq js
not repeated here. The equations are cast in the basic form with discussion of those terms that may differ
from other developments. Manipulations required to obtain the form of the equations from which the
numerical scheme was developed are described in Section 3.1.2.

Mass Continuity

The phasic continuity equations are

0 10
a(OLgpg) + K&(%pgng) =T, (3.1-2)
0 10
—(opg) + ——(apeveA) = Ty . (3.1-3)
ot A0x

These equations come from the one-dimensional phasic mass equations [Equation (8.12)] in

Reference 3.1-1 as follows: Equation (8.12) can be written in area average notation wherein the term %

has been reduced to %“ . The vapor continuity Equation (3.1-2) then is the same as Equation (8.12) using

k= g. The liquid continuity Equation (3.1-3) then is the same as Equation (8.12) using k = f. This
derivation is discussed in Chapter 8 of Reference 3.1-1.

Generaly, the flow does not include mass sources or sinks, and overall continuity consideration
yields the requirement that the liquid generation term be the negative of the vapor generation, that is,

If=-Ty. (3.1-9)
The interfacial mass transfer model assumes that total mass transfer can be partitioned into mass
transfer at the vapor/liquid interface in the bulk fluid (I';g) and mass transfer at the vapor/liquid interface in

the thermal boundary layer near the walls (T',); that is,

Ty = Tig+ Ty - (3.1-5)

a. In al the field equations shown herein, the correlation coeffici ents> 11 are assumed to be unity so the average

of aproduct of variablesis equal to the product of the averaged variables.
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TheT'jg term will be developed in the following sections, and the I', term is determined as part of the
wall heat transfer computation (Section 3.3.10).

Momentum Conservation

The phasic conservation of momentum equations are used, and recorded here, in an expanded form
and in terms of momenta per unit volume using the phasic primitive velocity variables vy and v¢. The

spatial variation of momentum term is expressed in terms of vz and v? . Thisform has the desirable feature

that the momentum equation reduces to Bernoulli’ s equations for steady, incompressible, and frictionless

flow. A guiding principle used in the development of the RELAP5-3D® momentum formulation is that
momentum effects are secondary to mass and energy conservation in reactor safety analysis and a less
exact formulation (compared to mass and energy conservation) is acceptable, especially since nuclear
reactor flows are dominated by large sources and sinks of momentum (i.e., pumps, abrupt area change). A
primary reason for use of the expanded form isthat isit more convenient for devel opment of the numerical
scheme. The momentum equation for the vapor/gas phase is

ov, 1 ov’ _ oP
ocgpgAﬁ + EocgpgA&g = - agA& + o, BA — (0 p, A)FWG(v,)

+ T AV —Vy) = (agp A)FIG (v, —vy) (3.1-6)

— CagafpmA[M + Vfa_Vg _Vga_vf:|
ot 0x 0x

and for the liquid phase is

ove . 1 8V? _ oP
aPeA— * ZopA— = —aA— + apBA —(opA)FWEF(vy)
ot 2 0x 0x
— TyA(vy —vp) = (o4psA)FIF (vi—v,) (3.1-7)

o(ve—v,) ov ov
~Caroupah [ TG g vy

These equations come from the one-dimensional phasic momentum equations [Equation (8.13)] in
Reference 3.1-1 with the following simplifications: the Reynolds stresses are neglected, the phasic
pressures are assumed equal, the interfacial pressure is assumed equal to the phasic pressures (except for
stratified flow), the covariance terms are universally neglected (unity assumed for covariance multipliers),
interfacial momentum storage is neglected, phasic viscous stresses are neglected, the interface force terms
consist of both pressure and viscous stresses, and the normal wall forces are assumed adequately modeled
by the variable area momentum flux formulation. The phasic continuity equations are multiplied by the
corresponding phasic velocity, and the resulting equations are subtracted from the momentum equations.
The vapor/gas momentum Equation (3.1-6) is the same as the resulting vapor/gas momentum equation
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from Equation (8.13) using k = g; the liquid momentum Equation (3.1-7) is the same as the resulting liquid
momentum equation from Equation (8.13) using k = f. Thisis discussed in Chapter 8 of Reference 3.1-1.

The force terms on the right sides of Equations (3.1-6) and (3.1-7) are, respectively, the pressure
gradient, the body force (i.e., gravity and pump head), wall friction, momentum transfer due to interface
mass transfer, interface frictional drag, and force due to virtual mass. The terms FWG and FWF are part of
the wall frictional drag, which are linear in velocity, and are products of the friction coefficient, the
frictional reference area per unit volume, and the magnitude of the fluid bulk velocity. The interfacial
velocity in the interface momentum transfer term is the unit momentum with which phase appearance or
disappearance occurs. The coefficients FIG and FIF are part of the interface frictional drag; two different
models (drift flux and drag coefficient) are used for the interface friction drag, depending on the flow

regime. The coefficient of virtual massis based on that used by Anderson®14 in the RISQUE code, where

the value for C depends on the flow regime. A value of C > 1/2 has been shown to be appropriate for

bubbly or dispersed flows,31-> 31-6 \while C = 0 may be appropriate for a separated or stratified flow. At

present, avalue of C > 1/2 isused for all flow regimes. Thisis discussed in Section 3.3.

The virtual mass term listed in Equations (3.1-6) and (3.1-7) is the same objective formulation®1":

318 ysed in RELAPS/MODI. In the RELAP5-3D® coding, however, this term is simplified. In
particular, the spatial derivative portion of the term is neglected. The reason for this change is that
inaccuracies in approximating the spatial derivative portion of the term for the relatively coarse
nodalizations used in system representations can lead to nonphysical characteristics in the numerical
solution. The primary effect of the virtual mass term is on the mixture sound speed; thus, the simplified

form is adequate, since critical flows are calculated in RELAP5-3D® using an integral model®12 in
which the sound speed is based on an objective formulation for the added mass terms.

Conservation of momentum at the interface requires that the force terms associated with interface
mass and momentum exchange sum to zero, and is shown as

o(v,—v;
AV, — (0t,pA)FIG(v, — ;) — CotgocfpmA[Lgat—t)J
(3.1-8)

o(vi—v
~T AV = (0 AFIECr =) ~CagpoA| V] =

where the spatial derivatives have been eliminated as explained above.

This particular form for interface momentum balance results from consideration of the momentum
equations in unexpanded form. The force terms associated with virtual mass acceleration in Equation
(3.1-8) sum to zero identically as aresult of the particular form chosen. In addition, it is usually assumed
(although not required by any basic conservation principle) that the interface momentum transfer due to
friction and due to mass transfer independently sum to zero, that is,
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Vg| =V =V (31‘9)
and
agpgFlG = aspiFIF = agogpgpsFl . (3.1-10)

These conditions are sufficient to ensure that Equation (3.1-8) is satisfied.

Energy Conservation

The phasic thermal energy equations are

do, PO

0 10

2 (0ypyUp) + 12 (0,p,U,v,8) = —PZ _B 0 gy A

at(agpg g) Aax(a’gpg ng ) at Aax(ang ) (31‘11)
+Qu + Qi + Figh; + th;, + DISS,

9 U+ =L UviA) = = P— — = A

6t(afpt r) Aax(afpf ViA) ot AaX(OCfo ) (3.1-12)

+Qur+ Qi — Figh; —I',h;+DISS; .

These equations come from the one-dimensional phasic thermal energy equations [Equation (8.16)]
in Reference 3.1-1 with the following simplifications: the Reynolds heat flux is neglected, the covariance
terms are universally neglected (unity assumed for covariance multipliers), interfacial energy storage is
neglected, and internal phasic heat transfer is neglected. The vapor/gas thermal energy Equation (3.1-11) is
the same as the resulting vapor/gas thermal energy eguation from Equation (8.16) using k = g; the liquid
thermal energy Equation (3.1-12) is the same as the resulting liquid thermal energy equation from
Equation (8.16) using k = f. This derivation is discussed in Chapter 8 of Reference 3.1-1.

In the phasic energy equations, Qg and Qs are the phasic wall heat transfer rates per unit volume
(see Section 3.3.9). These phasic wall heat transfer rates satisfy the equation

Q = ng + Qv\n‘ (31-13)
where Q isthe total wall heat transfer rate to the fluid per unit volume.

The phasic specific enthalpies (h;, h:) associated with bulk interface mass transfer in Equations

(3.1-11) and (3.1-12) are defined in such a way that the interface energy jump conditions at the
liguid-vapor interface are satisfied. In particular, the h; and h; are chosen to be h; and hy, respectively,
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for the case of vaporization and hy and h;, respectively, for the case of condensation. The sameis true for
the phasic specific enthalpies (h, hy) associated with wall (thermal boundary layer) interface mass

transfer. The logic for this choice will be further explained in the development of the mass transfer (vapor
generation) model.

Vapor Generation

The vapor generation (or condensation) consists of two parts, vapor generation which results from
energy exchange in the bulk fluid (I'jg) and energy exchange in the thermal boundary layer near the wall

(') [see Equation (3.1-5)]. Each of the vapor generation (or condensation) processes involves interface
heat transfer effects. The interface heat transfer terms (Q;q and Qjr) appearing in Equations (3.1-11) and

(3.1-12) include heat transfer from the fluid states to the interface due to interface energy exchange in the
bulk and in the thermal boundary layer near the wall. The vapor generation (or condensation) rates are
established from energy balance considerations at the interface.

The discussion that follows assumesthereis onewall (heat structure) that is next to the fluid. In some
applications, there can be multiple walls (heat structures) next to the fluid. For this case, there can be
flashing in the thermal boundary layer near some walls (i.e., hot walls) and condensation in the thermal
boundary layer near the other walls (i.e., cold walls). The case of multiple walls is discussed in Section
3.1.7 of this volume of the manual aswell asin Volume V.

The summation of Equations (3.1-11) and (3.1-12) produces the mixture energy equation, from
which it is required that the interface transfer terms sum to zero, that is,

Qi + Qs+ [y(h,—he) + T (h,—hy) = 0 . (3.1-14)

The interface heat transfer terms (Q;q and Q;¢) consist of two parts, that is, interface heat transfer in

the bulk (Qf, andQ}) and interface heat transfer in the thermal boundary layer near the wall

(Qi‘z and inf) . This is one situation where the assumption of no transverse gradients needs to be

supplemented by a special model. The interface heat transfer terms are shown in Figure 3.1-1 for the case
of subcooled bailing.

The two parts are additive, that is,
B

Qi = Qi+ Qi (3.1-15)

and
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near wall region “a bulk region

Figure 3.1-1 Interface heat transfer in the bulk and near the wall for subcooled boiling.
Qir = Qi+ Qi - (3.1-16)

The bulk interface heat transfer is at the vapor-liquid interface in the bulk. This represents thermal

energy exchange between the fluid interface (at the saturation temperature TS corresponding to the total
pressure P) and the bulk fluid state.

For vapor, the bulk interface heat transfer is given by
Qi = Hy(T'=T,) (3.1-17)
where Hig is the vapor interface heat transfer coefficient per unit volume and T is the vapor temperature.
For liquid, the bulk interface heat transfer is given by
Qir = Hi(T =Ty (3.1-18)

where Hjs isthe liquid interface heat transfer coefficient per unit volume and T; isthe liquid temperature.
The in;' and Q)¢ terms are the interface heat transfer rates near the wall and will be defined in terms

of the wall vapor generation (or condensation) process. This is discussed in more detail in Volume 1V.
Inserting Equations (3.1-17) and (3.1-18) into Equations (3.1-15) and (3.1-16) gives
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Qi = Hiy(T°=T,) +Qj (3.1-19)
and
Qi = Hi(T'=T) +Qy . (3.1-20)

Although it is not afundamental requirement, it is assumed that Equation (3.1-14) will be satisfied by
requiring that the bulk interface energy exchange terms and the near wall interface energy exchange terms
each sum to zero independently. Thus,

H, (T =T,) + Hi(T° = Ty) + T (hy —hy) = 0 (3.1-21)
and
Qi+ Qif + Ty (h,—hp) = 0 . (3.1-22)

In addition, since it is assumed that vapor appears at saturation, it follows that Q?Z = 0 for boiling

processes in the boundary layer near the wall. Equation (3.1-22) can then be used to solve for the interface
vaporization rate in the boundary layer near the walls, whichis

w
_ = Qi

h,—h,

g

r (3.1-23)

w

Similarly, since it is assumed that liquid appears at saturation, it follows that Qi“f’ =0 for

condensation processes in the boundary layer near the wall. Equation (3.1-22) can then be used to solve for
the interface condensation rate in the boundary layer near the walls, which is

-qQY
r, = —<ie (3.1-24)
hg_hf

Solving Equation (3.1-23) and (3.1-24) for Q); and Q?Z, and substituting these terms into Equations

(3.1-19) and (3.1-20), the interface energy transfer terms, Q;gq and Qjt, can thus be expressed in a general
way as
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Qi = Hy(T =Ty - (158 ruch, -y (31-25)
and

_ s l+¢ ry
Qe = BT =T (L), (- b)) (31-26)

where ¢ = 1 for boiling in the boundary layer near the wall, and € = -1 for condensation in the boundary
layer near the wall. Finally, Equation (3.1-14) can be used to solve for the interface vaporization (or
condensation) rate in the bulk fluid, whichis

r, = - Q¥ _p (a=h) (3.1-27)

hg _hf h _hf

which, upon substitution of Equations (3.1-25) and (3.1-26), becomes

Hig(Ts -T,)+ H(T° =T
h, —h;

(3.1-28)

The phase change process that occurs at the interface is envisioned as a process in which bulk fluid is
heated or cooled to the saturation temperature and phase change occurs at the saturation state. The
interface energy exchange process from each phase must be such that at least the sensible energy change to
reach the saturation state occurs. Otherwise, it can be shown that the phase change process implies energy
transfer from a lower temperature to a higher temperature. Such conditions can be avoided by the proper

choice of the variables h, and h; for bulk interface mass transfer and h, and h, for near wall interface

mass transfer. In particular, it can be shown that h, and h; should be

¢ = 3Ly +hy) +n(hy—hy)] (3.1-29)
and
hy = 3[(h+hy) = n(hi—hy)] (3.1-30)
where
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=
I

1forlig>0

-1forTig<O.

It can also be shown that h, and h; should be

! 1 s S

h, = J[(h; +hy) +&(hy—hy)] (3.1-31)
and

! 1 s S
h; = 5[(hf +hy) —e(hy—hy)] (3.1-32)
where

€ = lforIy,>0
= -1forIy, <O.

Substituting Equation (3.1-28) into Equation (3.1-5) gives the final expression for the total interface
mass transfer as

— _H (T =T, + Hi(T" - Tp) +T
h, —h;

r

g

(3.1-33)

Volume IV of the manual discusses the energy partitioning in more detail.

Dissipation Terms

The phasic energy dissipation terms, DISSy and DISS;, are the sums of wall friction, pump, and

turbine effects. The dissipation effects due to interface mass transfer, interface friction, and virtual mass
are neglected. This is a reasonable assumption since these terms are small in magnitude in the energy
eguation. In the mass and momentum equations, interface mass transfer, interface friction, and virtual mass
are important and are not neglected. The wall friction dissipations are defined as

DISS, = o,p, FWG v, (3.1-34)

and
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DISS; = op; FWF v; . (3.1-35)

The phasic energy dissipation terms satisfy the relation

DISS = DISS,+ DISS, (3.1-36)

where DISS is the energy dissipation. When a pump component is present, the associated energy
dissipation is aso included in the dissipation terms (see Section 3.5.4). When a turbine component is
present, an appropriate heat source is used which is also included in the dissipation terms (see Section
3.5.5).

3.1.1.2 Noncondensables in the Vapor/Gas Phase. The basic, two-phase, single-component
model just discussed can be extended to include a noncondensable component in the vapor/gas phase. The
noncondensable component is assumed to move with the same velocity and have the same temperature as
the vapor phase, so that

Vp = Vg (3.1-37)
and
Th = Ty (3.1-38)

where the subscript, n, is used to designate the noncondensable component. The vapor/noncondensable
mixture conditions can still be nonhomogeneous and nonequilibrium compared to the liquid and saturation
conditions.

The genera approach for inclusion of the noncondensable component consists of assuming that al
properties of the vapor/gas phase (subscript g) are mixture properties of the vapor/noncondensable
mixture. The static quality, X, is likewise defined as the mass fraction based on the mass of the vapor/gas
phase. Thus, the two basic continuity equations [Equations (3.1-2) and (3.1-3)] are unchanged. However, it
is necessary to add an additional mass conservation equation for the total honcondensable component,
given by

0 10
a—t(agngn) + K&(agpgxnng) =0 (3.1-39)
where
Xn = total noncondensable mass fraction in the vapor/gas phase
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mass of i-th noncondensable gas
total mass of noncondensable gas in the vapor/gas phase
mass of vapor in the vapor/gas phase

number of noncondensables.

For each noncondensabl e specie, the mass conservation equation is

0 10
a(agngani) + K&(agnganngA) =0

(3.1-40)

(3.1-41)

where X, is defined in Equation (3.1-1). Only N-1 of the noncondensable gas specie eguations need to be

solved since the mass fraction of the N-th specie can be found as the difference between the total
noncondensable gas mass fraction and the sum of the N-1 noncondensable gas specie mass fractions.

The energy equations are modified to include the sensible interface (direct) heating term Qg. This

term is necessary because the interfacial terms use saturation temperature based on the bulk vapor partial
pressure rather than saturation temperature based on the loca (interface) vapor partial pressure. This is
another situation in which the assumption of no transverse gradientsin the one-dimensional formulation of
the conservation equations needs to be supplemented by a special model. The energy field equations have

theform

0 10 —
a(agngg) + Ka_x(agngngA) = —-P—=

oo, P o
-2 (a,v,A
ot Aax(ang )

+ ng + Qig + 1—‘igh; + FWth _ng+ DISSg

oa¢

0 10 P o
a_t(afprf) + K&(afprfoA) = -P— _K&(OﬂfoA)

ot

+ Quet Qi — Figh; - th; + Qe+ DISS; .

(3.1-42)

(3.1-43)

The term Qg in Equations (3.1-42) and (3.1-43) is the sensible heat transfer rate per unit volume.
This is the heat transfer at the noncondensable gas-liquid interface, and it represents thermal energy
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exchange between the bulk fluid states themsel ves when noncondensable gasis present. Thisterm is given
by

ng = (P_TPS)Hgf(Tg_Tf) = 1%1Hgf(Tg_Tf) (31-44)

where Hy is the sensible (direct) heat transfer coefficient per unit volume. This makes use of Dalton’s law
(P = Ps + P,)), where P, is the noncondensable gas partial pressure. This term is similar to the heat

conduction term in the accumulator model (see Section 3.5.7.2). The multiplier based on the difference in
the total pressure and the partial pressure of vapor is an ad-hoc function used to turn off this term when
there is no noncondensable gas in the volume. The value of the heat transfer coefficient depends upon the
configuration of the interface (i.e., flow regime) between the liquid and the noncondensable gas just like
the situation for the vapor-liquid interface.

The interfacial heat transfer and mass transfer terms are also modified when noncondensables are
present. The vapor/gas bulk interface heat transfer [Equation (3.1-17)] now has the form

Qi = % W[T°(P)=T,] (3.1-45)

where the fluid interface is assumed to be at the saturation temperature TS(Pg) corresponding to the partial
pressure of vapor (Py).

Thus, the total vapor/gas interfacial heat transfer [Equation (3.1-19)] now has the form

SH, [T(P) - T,]+Qp - (3.1-46)

|,

Qig =

The assumption that the bulk interface exchange terms sum to zero [Equation (3.1-21)], how has the
form

P S S * *
i;SHig[T (Ps) _Tg] + Hif[T (Ps) - Tf] + 1—11’g(hg _hf) =0 . (31_47)
Thus, the total vapor/gas interface energy transfer term [Equation (3.1-25)] is now expressed as

H TP - T, - (L8, - (3.1-48)

|

Qig =
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The bulk interface mass transfer rate [Equation (3.1-28)] now has the form

SHLT(P) =T, + H{T'(P) - T

T, = - — (3.1-49)
h, —h;

and the total interface mass transfer rate [Equation (3.1-33)] now has the form

PS s s
FHig[T (Ps) _Tg] + Hif[T (Ps) _Tf]
r,=- +T

h, —h;

oo (3.1-50)

Volume |V of the manual discusses the energy partitioning in more detail.

The vapor saturation specific enthalpy h; used for the vapor specific enthalphy h;, and the liquid
saturation specific enthalpy h; used for the liquid specific enthal py h; , which are used in the energy field

equations and in the mass transfer Iy, are based on the partial pressure of vapor instead of the total pressure
when noncondensables are present.

The momentum field egquations are unchanged when noncondensables are present. In all the

equations, the vapor/gas field properties are now evaluated for the vapor/noncondensable mixture. The
modifications appropriate to the state relationships are discussed in Section 3.2.3.

3.1.1.3 Boron Concentration in the Liquid Field. An Eulerian boron tracking model is used

in RELAP5-3D® that simulates the transport of a dissolved component (solute) in the liquid phase
(solvent). The solution is assumed to be sufficiently dilute that the following assumptions are valid:

. Liquid (solvent) properties are not altered by the presence of the solute.

. Solute is transported only in the liquid phase (solvent) and at the velocity of the liquid
phase (solvent).

. Energy transported by the solute is negligible.
. Inertia of the solute is negligible.

Under these assumptions, only an additional field equation for the conservation of the solute (i.e.,
boron) is required. In differential form, the added equation is

INEEL-EXT-98-00834-V1 3-18



RELAP5-3D/2.3

Opy , 10(PeVeA) _ (3.1-51)
ot A 0x

where the spatial boron density, py, is defined as
Po = opCy = pr(1 -X)C, . (3.1-52)

Cy, is the concentration of boron (mass of boron per mass of liquid), py, is the spatial boron density
(mass of boron per total volume of liquid and vapor/gas), and X is the static quality.

3.1.1.4 Radionuclide Transport Model

An Eulerian radionuclide transport model is used in RELAP5-3D® to simulate the transport of
radioactive or fertile nuclides in the reactor coolant systems (fertile nuclides are those nuclides that can be
made radioactive by neutron capture). The model can be used in connection with the nuclear detector
model to describe the response of the control and safety systems to the presence of radioactive speciesin
the coolant systems. The radionuclide species may be transported by either the liquid or vapor/gas phases.
A radioactive species may be created by neutron absorption in a fertile specie (i.e., nitrogen 16 may be
created by an (n,p) reaction with the oxygen 16 in the water coolant in the reactor core) or may be injected
into the coolant system using general tables or control variables. For example, general tables or control
variables may be used to model the release of aradionuclide specie from fuel rods due to bursting during a
transient or through pinhole leaks that develop due to erosion, fretting, or manufacturing defectsin the fuel
rod cladding or through leaching of the nuclide from the structural materia in the reactor system (i.e.,
cobalt 59 isleached out of steel in the reactor system by the cooant and becomes available to be transmuted
to cobalt 60 through neutron capture as it circulates through the reactor core). A radionuclide specie may
also be destroyed by neutron absorption (i.e., transmuted to a radioactive or nonradioactive daughter
specie). The concentration of radionuclide species are assumed to be sufficiently dilute that assumptions
similar to those for the boron transport model are valid:

. The fluid properties (liquid of vapor/gas) are not altered by the presence of radionuclide
Species.

. Energy absorbed by the transporting phase from the decay of radionuclide species is
negligable.

. The radionuclide species are well mixed with the transporting phase so that they are

transported at the phase velocity.

Under these assumptions, the equation for the conservation of mass for aradionuclide specieis
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€19 cvay=s (3.1-53)
ot Aox

where C isthe number density of the radionuclide speciein atoms per unit volume, v is the velocity of the
transporting phase, A is the cross sectional area of the flow duct, and S is the source of the radionuclide
specie in units of atoms per unit volume per second. The number density C may be converted to the mass
density as

- CMw
N

p

a

where p is the mass density of the radionuclide specie in units of mass per unit volume (i.e., kg/m3), N alS

Avogradro’s number (atoms per kg-mole), and Mw is the moelcular weight of the radionuclide specie
(kg/kg-mole).

3.1.1.5 Stratified Flow. Flow at low velocity in a horizontal pipe can be stratified as a result of
buoyancy forces caused by density differences between vapor/gas and liquid. When the flow is stratified,
the area average pressures are affected by nonuniform transverse distribution of the phases. Appropriate
maodifications to the basic field equations when stratified flow exists are obtained by considering separate
area average pressures for the vapor/gas and liquid phases and the interfacial pressure between them.
Using this model, the pressure gradient force terms of Equations (3.1-6) and (3.1-7) become

oP oP oo
—(XgAéz —> —OLgA-a—;(g + (PI_Pg)A—a;);g (31'54)
and
M) SN L S YN (3.1-55)
ox 0x 0x

The area average pressure for the entire cross-section of the flow is expressed in terms of the phasic
area average pressures by

P = agPy+ P . (3.1-56)

With these definitions, the sum of the phasic momentum equations, written in terms of the
cross-section average pressure (see Section 3.1.2) remains unchanged. However, the difference of the
phasic momentum equations (see Section 3.1.2), contains the following additional terms on the right side
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i et o200 2]

The interface and phasic cross-sectional average pressures, P;, Py, and Py, can be found by means of

the assumption of a transverse hydrostatic pressure in a round pipe. For a pipe having diameter D,
pressures Py, Py, and P are given by

.3
P, = P,—p.B D(M—M) 3.1-58
g 1~ PegBy 3nag 2 ( )
.3
P, = Pl—pryD(sm 0 —M) (3.1-59)
3nag 2

where B, equal's the transverse body force (ordinarily equal to -g).

The central angle, 0, is defined by the void fraction, as illustrated in Figure 3.1-2. The algebraic
relationship between agand 0 is

Vapor/gas area = a.gA
“— Liquid area= oA
as

0
Vapor/g

Liquid

Figure 3.1-2 Relation of central angle 6 to void fraction a
agn = 6 -sinfcosH . (3.1-60)

The additional terms in the difference of the momentum equations [Equation (3.1-57)] can be
simplified using Equations (3.1-58), (3.1-59), and (3.1-60) to obtain the term
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_(Pm ), _ DB, da, 3.1-61
(pgp)(pf pg)(4sine) x (3.1-61)

where 0 isrelated to the void fraction using Equation (3.1-60).

This equation can be rearranged to show more explicitly the dependence on the liquid level y as
measured from the bottom of the pipe. Using Equation (3.1-60) along with

y = ]Ej(l + cos0) , (3.1-62)
the term (3.1-61) becomes

(22)or-poB,SY (3.1-63)

g

For the phasic momentum Equations (3.1-6) and (3.1-7), the additional term takes the form

N [agaf(pf— pg)}meyAQy (3.1-64)
OePr— UgPyg ox

for the vapor/gas momentum equation and

_ [w}pmg Ay (3.1-65)
Oprf_ocgpg voox

for the liquid momentum equation. The preceding two equations are listed for informational purposesonly,
since the sum and difference of the phasic momentum equationsis used in the numerical scheme.

To model a pipe of varying diameter, the liquid level is measured with respect to the center of the
pipe rather than the bottom of the pipe. Equations (3.1-63), (3.1-64), and (3.1-65) are till valid; however,
Equation (3.1-63) is replaced by

y = gcose . (3.1-66)
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This new reference point is then at constant elevation in a horizontal pipe. For a varying area or
constant area pipe, Equation (3.1-63) behaves correctly in that there is no head if the absolute level of the
liquid is constant.

To take account of possible orifices, a junction diameter is estimated and the horizontal volume
liquid levels are restrained to be within the range of this diameter. Thus, in the limit of a closed junction
there will be no driving head term.

A RELAP5-3D® horizontal pipe need not be absolutely horizontal; it can have a slope of angle
deey»> the elevation angle. There may also be a change of slope at the junction between two volumes. The
modeling for this does not have a firm physical basis but has appropriate limiting behavior. The volume
liquid levels are multiplied by cospge, Which is unity for a horizontal volume. If the slopes of the two
volumes are different then an extra term is added to the level difference. This term is proportional to the

sine of the difference of the absolute values of the two slope angles. The sign and magnitude of the
“constant” of proportionality are such that the following two conditions are met:

1. When a vertical volume is above a horizontal volume, the liquid level difference term is
ZEro.
2. When avertical volumeis below ahorizontal volume, theliquid level differencetermisas

if theliquid level in the vertical volumeis at the bottom of the connecting orifice.

The above two limits ensure that liquid is not pushed upward, but can drain if required. When
non-horizontal volumes have a significant liquid content, the normal head terms will be dominant.

The additional force term that arises for a stratified flow geometry in horizontal pipesis added to the
basic equation when the flow is established to be stratified from flow regime considerations. Note that the
additional force term was derived assuming a round pipe. If the cross-section is rectangular, this
assumption is not valid.

A similar term is added when there is stratified flow in a series of cells defined as vertically oriented
but are cross-connected in the horizontal direction. Equations (3.1-63), (3.1-64), and (3.1-65) are till used;
however, Equation (3.1-62) is replaced with

y = _1_:52_9.2|AZ| (3.1-67)

where Az is the elevation of the volume.
In order to provide for a smooth transition between stratified and nonstratified flow situations, this

term is activated in all flow regimes. Since this term is small compared to other terms in the momentum
equation when the flow is nonstratified, this is a reasonable assumption.
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3.1.2 Numerically Convenient Set of Differential Equations

A more convenient set of differential equations upon which to base the numerical schemeis obtained
from the expanded momentum difference equations [Equations (3.1-6) and (3.1-7)] and by expanding the
time derivative (using the product rule) in the basic density and energy differential equations [Equations
(3.1-2), (3.1-3), (3.1-39), (3.1-42), and (3.1-43)]. When the product rule is used to evauate the time
derivative, we will refer to thisform as the expanded form. The mass and momentum equations are used as
sum and difference equations in the numerical scheme and are recorded here in that form. The reason for
using thisform is ease of degeneration of the model to the single-phase case.

A sum density equation is obtained by expanding the time derivative in the phasic density equations,
Equations (3.1-2) and (3.1-3), adding these two new equations, and using the relation

—f = _— (3.1-68)
ot ot
Thisgives
op op oo, , 10 -
0, T+ 0B+ (p, =P 2 1 (VoA FapviA) = 0 (3.1-69)

A difference density equation is obtained by expanding the time derivative in the phasic density
equations, Equations (3.1-2) and (3.1-3), subtracting these two new equations, again using the relation

== 3.1-70
ot ot ( )
and substituting Equation (3.1-50) for I'y. This gives
op op oa, 10
ag—a-zg - af—a—t-f + (pg + pf)—a—t'g + Ka_x(agnggA - OprfoA)
(3.1-71)

Ps s s
2| SH(T' =Ty + H(T = T))|
= - * * +2Fw .
h, —h;

The time derivative of the total noncondensable density equation, Equation (3.1-39), is expanded to
give
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ngn(?'(ig + 0Lan?‘B'g + X, , 10

+ =Y
ot ot ‘P T AGx

(0gpeX,v,A) = 0 . (3.1-72)

The time derivative of the individual noncondensable density equation, Equation (3.1-41), is not
expanded, since the individua noncondensable quality, X, will be obtained from the unexpanded

equation (Section 3.1.4.1).

The momentum equations are also rearranged into a sum and difference form. The sum momentum
equation is abtained by direct summation of Equations (3.1-6) and (3.1-7) with the interface conditions
[Equations (3.1-8) through (3.1-10)] substituted where appropriate and the cross-sectional area canceled
throughout. The resulting sum equation is

ov ove 1 ov> 1 ove oP
24 —f4 = 224 oot = 4
FePagr ¥ 0PI ¥ 3Py G E S PG = 50 Py (3.1-73)

— 0P FWGV, —opFWFv =T, (v, —vy) .

The difference of the phasic momentum equations is obtained by first dividing the vapor/gas and
liquid phasic momentum equations [Equations (3.1-6) and (3.1-7)] by agpgA and opsA, respectively, and
subtracting. Here again, the interface conditions are used, and the common area is divided out. As
previously discussed, the virtual mass term is simplified by neglecting the spatia derivative portion and
the additional stratified force term (see Section 3.1.1.5) is added. The resulting equation is

Ov, Qv 10y, 10vi o _(1_1yop
ot ot 20x 20x P Py OX
—FWGv, + FWFv;
3 3.1-74
+ 1—‘g[pmvl (afpfvg + (X'gpgvf)] _ meI(Vg —Vf) ( )
agpgafpf

2
Pm ﬁ(v _Vf) ( pm) QY
-C £ + (pr—p,)B

ppr Ot pp? T Yox

where the interfacial velocity, v, is defined as

Vi = Avg+ (1-2)ve . (3.1-75)

This definition for v, has the property that if A = 1/2 the interface momentum transfer process
associated with mass transfer is reversible. This value leads to either an entropy sink or source, depending
onthesign of I'y. However, if & is chosen to be O for positive values of I'y and +1 for negative values of I’y
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(that is, a donor formulation), the mass exchange process is always dissipative. The latter model for v, is
the most realistic for the momentum exchange process and is used for the numerical scheme devel opment.

To develop an expanded form of the vapor/gas energy equation, the time derivative of the vapor/gas
energy Equation (3.1-42) is expanded, Q4 Equation (3.1-48) and the I'jy Equation (3.1-49) are substituted,
and the Hig, His, a; , and convective terms are collected. This gives the desired form for the vapor/gas

energy equation, whichis

oa op ou, 1T o
(p U, + P)—é;g + agUg—é{g + ocgpg—a—t*g + K[ﬁ—x(agng v A) + P (a A)J
hy P, . h, . P-P,
= - (*_f*) _Hig(T _Tg) - (Tg_sj Hi(T"=Tp) — ( )Hgf(Tg =Ty (3-1'76)
h,—hy) P h, —h;, p

+K1;8)h +( > ) }F +Q,, +DISS,

To develop an expanded form of the liquid energy equation, the time derivative of the liquid energy
Equation (3.1-43) is expanded, the Q;s Equation (3.1-26) and the I'; Equation (3.1-49) are substituted, and

day _ _ 04, (3.1-77)
ot ot

is used. Then the H,g, His, a(; , and convective terms are collected. This gives the desired form for the

liquid energy equation, whichis

0 ou; 17 o 0
—(psUs + P)J + o, Uy ;[f O¢Py 6tf+ A[ X((XfprfoA) + P&(OﬁfoA)J
- ( he jPSHIg(T - )+[—3&—*jHif(TS—Tf) + (R, T (3178)
h!—h h'—h!

_[(12 )h +( = )h}l‘ +Q,;+DISS, .

The basic density and energy differential equations are, at times, used in unexpanded form in the
back substitution part of the numerical scheme. When the product rule is not used to evaluate the time
derivative, we will refer to this form as the unexpanded form. There are situations after a phase has
appeared in a volume, where unphysical energies are calculated by the expanded form of the energy

INEEL-EXT-98-00834-V1 3-26



RELAP5-3D/2.3

equations. It was found that the unexpanded form, when used in the back substitution step, gave more
physical temperatures because there is no linearization error in the time derivative when using the
unexpanded form of the energy equations.

The vapor/gas, liquid, and noncondensable density equations, Equations (3.1-2), (3.1-3), and
(3.1-39), are in unexpanded form. The I'y, Equation (3.1-50), is not substituted into the vapor/gas and
liquid density equations. (The reason will be apparent in Section 3.1.4.) The vapor/gas energy equation,
Equation (3.1-42), is altered by substituting Equation (3.1-48) for Q;g, substituting Equation (3.1-49) for

T'jg, and collecting the H;g, Hjs, and convective terms. This gives
0 17 o
£ (0p,Up) * 1] £(0,p,Upve) + PL(ape)|

oo h; P h s P-P,
= -P—- (h - j P ng(T =T,) - [h_g_*j Hi(T = Tp) — ( P )Hgf(Tg —-Tp) (3.1-79)
£

+K1;8)h +(12 )h}r +Q,, + DISS,

The liquid energy equation, Equation (3.1-43), is also atered by substituting Equation (3.1-26) for

Qjf, substituting Equation (3.1-49) for I'jg, using Equation (3.1-77), and collecting the H;g, Hjs, and
convective terms. This gives
0
é—t(afprf) + —[—(atprfoA) +P— (afoA)}
oo hy |P, s h, ; P-P,
=P +(1Tf*JF Hi (T =T,) + (ﬁ—JHif(T ~Ty) +( 5 )Hgf(Tg—Tf) (3.1-80)

g f

—[(1 ;’ S)h'g + (1 ggjh;}rw +Q,;+DISS; .

3.1.3 Semi-Implicit Scheme Difference Equations

The semi-implicit numerical solution scheme is based on replacing the system of differentia
equations with a system of finite difference equations partially implicit in time. The terms evaluated
implicitly are identified as the scheme is developed. In all cases, the implicit terms are formulated to be
linear in the dependent variables at new time. This results in a linear time-advancement matrix that is

solved by direct inversion using the default border-profile LU solver. 3110 The previously used sparse

matrix solver311! can also be used and is activated by the user in the input data. An additional feature of
the schemeisthat implicitnessis selected such that the field equations can be reduced to asingle difference
equation per fluid control volume or mesh cell, which isin terms of the hydrodynamic pressure. Thus, only
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an N x N system of equations must be solved simultaneously at each time step. N is the total number of
control volumes used to simulate the fluid system.

It is well known31#3112 that the system of differential equations constitutes an ill-posed,
initial-value problem. This fact is of little concern physically, since the addition of any second-order
differential effect (regardless of how small), such as viscosity or surface tension, results in a well-posed

problem.3113 However, the ill-posedness is of some concern numerically, since it is necessary that the
numerical problem be well-posed. The approximations inherent in any numerical scheme modify the
solution somewhat (truncation error); these effects can be either stabilizing or destabilizing. The resulting
numerical scheme must be stable for mesh sizes of practical interest.

A well-posed and stable numerical algorithm results from employing several stabilizing techniques.
These include the selective implicit evaluation of spatia gradient terms at the new time, donor
formulations for the mass and energy flux terms, and use of a donor-like formulation for the momentum
flux terms. Donor-like formulations for these flux terms are used because of the well-known instability of
an explicit centered finite difference scheme. The term donor-like is used because the momentum flux
formulation consists of a centered formulation for the spatial velocity gradient plus a numerical viscosity
term. These two terms are similar to the form obtained when the momentum flux terms are donored with
the unexpanded form of the momentum equations. The well-posedness of the final numerical scheme, as
well as its accuracy, has been demonstrated for practical cell sizes by extensive numerical testing (see
Volume VI).

The difference equations are based on the concept of a control volume (or mesh cell) in which mass
and energy are conserved by equating accumulation to the rate of mass and energy in through the cell
boundaries minus the rate of mass and energy out through the cell boundaries plus the source terms. This
model results in defining mass and energy volume average properties and requiring knowledge of
velocities at the volume boundaries. The velocities at boundaries are most conveniently defined through
use of momentum control volumes (cells) centered on the mass and energy cell boundaries. This approach
results in a numerical scheme having a staggered spatial mesh. The scalar properties (pressure, specific
internal energies, and void fraction) of the flow are defined at cell centers, and vector quantities (velocities)
are defined on the cell boundaries. The resulting one-dimensional spatial noding is illustrated in Figure
3.1-3. The term cell means an increment in the spatial variable, x, corresponding to the mass and energy
control volume.

The difference equations for each cell are obtained by integrating the mass and energy equations
[Equations (3.1-69), (3.1-71), (3.1-72), (3.1-76), and (3.1-78)] with respect to the spatial variable, x, from
the junction at X; to X;+1. The momentum equations [Equations (3.1-73) and (3.1-74)] are integrated with
respect to the spatial variable from cell center to adjoining cell center (xx to x,, Figure 3.1-3). The

equations are listed for the case of a pipe with no branching and only one wall (heat structure) next to the
wall. The numerical technique for the difference equations requires the volume be equal to the volume
flow areatimesthe length.
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Vector node
or junction
Mass and energy control
Vg, Vf  Scalar node volume or cell
P, OLg, Ug, Uf
~_
— i Vg
[ [ C
K — Vi L L
ji-1 j j+1

Momentum control
volume or cell

Figure 3.1-3 Difference equation nodalization schematic.

When the mass and energy equations [Equations (3.1-69), (3.1-71), (3.1-72), (3.1-76), and (3.1-78)]
are integrated with respect to the spatial variable from junction j to j+1, differential equations in terms of
cell-average properties and cell boundary fluxes are obtained. The subscripts and superscripts indicate
integration limits for the enclosed quantity.

The sum density Equation (3.1-69) becomes

0 0 oo Xj 41 Xj41
V[(’“ggptg + af% +(py— Pf)ag} + (agnggA)xJ + (OLfPfoA)xj =0 . (3.1-81)

The difference density Equation (3.1-71) becomes

0 0 oo

Ps s S -
2| SH(T' =Ty + H(T' =Ty | (3-89
= V- — +20,

h, —h;

The total nhoncondensable density Equation (3.1-72) becomes
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V[ng 6—5 + o, X, —* 0Py ocgpgaXn

+ X v,A) =0 . 3.1-83
ot "ot 8tJ (P XaVe)y ( )

The vapor/gas energy Equation (3.1-76) becomes

00y 1 OPs ou,
V(U + P2 + 0, U, 5 4 01y, S ]+ (00, U, v, AL + Py, A))
_ hy |P, h, s PP,
= V- SH (T =T,) — | == [Hi(T - Tp) - (—) Ho (T, —Tp) (3.1-84)
h,—hy/ P h, —h; P

+K12 >h +( > ) Jr +Q,, +DISS,} .

Theliquid energy Equation (3.1-78) becomes

V[_(Pfo"' P)% o Ufapf T oepr aﬂ} + (afprfoA) Tt P(afoA) o

ot ot
- {[ e *jliSHig(TS—Tg)+(ThL*JHif(TS—Tf)+(P‘PS)Hgf<Tg—Tf) (3.1-85)
h,—hy/ P h, —h; P

_[(12 )h +( > ) Jr +Q,;+DISS,} .

As discussed in Section 3.1.1, the phasic energy dissipation terms, DISSy and DISS;, contain the

sums of the wall friction and pump effects. These dissipation terms should also contain both the code
calculated abrupt area change dissipation terms and the user-supplied loss coefficient dissipation terms.
However these terms were removed in RELAP5/MOD2 because of temperature problems (i.e.,

overheating). Thus, they are not present in the default RELAP5-3D® code. They can be activated by the
user in the input deck, however the user is cautioned that temperature problems may occur.

The sum and difference momentum eguations [Equations (3.1-73) and (3.1-74)] are integrated from
cell center to cell center to obtain

\Y/ 8 8 1 2. XL 1 2. XL
K(agpg ar | CPr 5»[) > OePe(Ve)x, Eafpf(vf)xk
. (3.1-86)
= = (P)y, + puBi(Xp —xg) —(0,p FWGV, + opFWF V) (X —xg)

—Fg(Vg —Vf)(XL _XK) - Otgpg HLOSSG Vg - chpf HLOSSF Vf
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and

2
(\_/)(1 + %) (8_\’3 _a_Vf) + l(Vz)XE _l(Vﬁ)xi
A pgpy N Ot Ot/ 2 2

- _ (L — pl) (P)ii —(FWGv, —FWFv)(x; —xg)

g
_ 3.1-87
4T 2oV = PV QP () HLOSSG v, + HLOSSF v, (31-87)
agpgafpf
- meI(Vg _Vf)(XL - XK)
(22 (o= poB ()

g

Here, the common areaterm, A, has been factored from most terms. The quantities shown in brackets
with limits are evaluated at the indicated limits, while the coefficients are averaged over the cell or
integration interval. The indicated derivatives are now derivatives of cell average quantities. Since the
integration interval is centered on the junction, the coefficient averages are approximated by the junction
values. In al cases, the correlation coefficients for averaged products are taken as unity, so averaged
products are replaced directly with products of averages. The HLOSSG and HLOSSF terms contain both
code calculated abrupt area change loss terms and user-specified loss terms. This is discussed further in
this section when the full finite difference momentum equations are discussed.

Severa general guidelines were followed in developing numerical approximations for Equations
(3.1-81) through (3.1-87). These guidelines are summarized below.

. Mass and energy inventories are very important quantities in water reactor safety analysis.
The numerical scheme should be consistent and conservative in these quantities. [A
greater degree of approximation for momentum effects is considered acceptable,
especiadly since nuclear reactor flows are dominated by large sources and sinks of
momentum (i.e., pump, abrupt area change)]. Both mass and energy are convected from
the same cell, and each is evaluated at the same time level; that is, mass density is
evaluated at old time level, so energy density is also evaluated at old time.

. To achieve fast execution speed, implicit evaluation is used only for those terms
responsible for the sonic wave propagation time step limit and those phenomena known to
have small time constants. Thus, implicit evaluation is used for the velocity in the mass
and energy transport terms, the pressure gradient in the momentum equations, and the
interface mass and momentum exchange terms.

. To further increase computing speed, time-level evaluations are selected so the resulting

implicit terms are linear in the new time variables. Where it is necessary to retain
nonlinearities, Taylor series expansions about old time values are used to obtain a
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formulation linear in the new time variables. (Higher-order terms are neglected.) Linearity
results in high computing speed by eliminating the need to iteratively solve systems of
nonlinear equations.

. To alow easy degeneration to homogeneous, or single-phase, formulations, the
momentum equations are used as a sum and a difference equation. The particular
difference equation used is obtained by first dividing each of the phasic momentum
equations by agpg and ospy, for the vapor/gas and liquid phase equations, respectively,
and then subtracting.

Using the above guidelines, the finite difference equations for the mass and energy balances,
corresponding to Equations (3.1-81) through (3.1-85), are listed below. Some of the terms are intermediate
time variables, which are written with atilde (~). The reason for their use is explained in Section 3.1.4.

The sum continuity equation is

~“n+1

n n ~“n+1 n n n ~n+l n
VL[ag L(Per =Pgr) T oer(Prr —Prr) *(Pgr—Pri)(Og 1 —0g1)]

.n R n+1 n n+1 3.1-88
+(Ogj+1Pgj+1Vejr1Ajr anggJ e ApAL 3. )
. N . N n+1 . n+1
(O 1Prj+1Vej+ 1A+ af]pf_]Vf_] ADALt =0 .

The difference continuity equation is

~n+1

Vilog i (Per —Per) — O L(Pf L _Pf D)+ (Pertpr L)(OL;L1 — 0ty )]

0 . n+1
+((xg,j+1pg,j+lvg,j+1Aj — iy Py Aj)At

2.iPeiVe. ]
. n LN n+1 .n_n+l
_(af,j+1pf,j+lvf,}+1Aj af_]pf_]Vf; Aj)At (3.1-89)
= —( 2 ) v,af Pt Bovgy (" —mo )+ (T =T |+ 2v,AlT,
h —h¢ | P

The total noncondensable continuity equation is

n+1 ~“n+l1

n n n o+l n
Vilpe i Xn (G =g 1)+ 0y 1 X0 (P —Per) + 0y Pe (Xt =X )] (3.1-90)

. . : n+ . .n n+1
+ (g 1P o1 Xn i+ 1V 511 A 41 =g iPp i Xn Ve ; ADAL = 0

The vapor/gas thermal energy equation is
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n n n ~n n n+1 n
VL{(pg’LUg’L " PL) (agll Y% L) *o, Uy L(pgil Pe L) + 0l 1P, L(Ug L =Ug Lﬂ
+ [dg:jﬂ(pg,jﬂljgdﬂ + PE)VE}LAM (pg Ugj+P ) nt IA}At

— {_[ h; j Ps LngL(Tin+l—T;,§‘l)—[%j HlfL(Tin+l_T2+l;l>
h,—h h,—h

L

(PL PnP S j Hy(Tet -TiL) + [(%) o+ (1) hit[rh+ Qhe + DISS], }VLAt :
L

(3.1-91)

Theliquid thermal energy equation is

n+1

n+1 n n n ~n
\% { (prUfL+P)( Og L _(xg,L) +af,LUf,L(pf,L pr)+aprfL(UfL _UfL):|

+ |:0Lf_|+1(pfj+1Uf.l+1 +P )V?jllA afj(pijfJ +P )VrflJHAJ}At

n “s,n+l “n+l h* ! s,n+1 “n+l
{[ ] Ts, L LHig,L(TL —Tg,L) + [ﬁ] H1f L(TL Tf,L)

_fL

PH—Pn n “n+1 “n+1 ‘'n - 'n n n n
+ [—LL > Lj Hy¢ L(Tgl —Tf,z ) - K%) hy + (%} hg L:|FW,L +Que t DISSf,L}VLAt .

(3.1-92)

The quantities having a dot overscore are donored quantities based on the junction velocities, v
and v ;. The donored quantities are volume average scalar quantities defined analytically as

o = (¢K+¢L) v |(¢K ¢L) (3.1-93)

J

where ¢; is any of the donored properties, and vj is the appropriate velocity (that is, vapor/gas or liquid).
This equation holds for the case v; = 0 . For the casev; =0 and P« > P,

b = bg . (3.1-94)

For thecasev;=0and Px <P,
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¢ = ¢ - (3.1-95)
For the degenerate case v; = 0 and Px = P, adensity-weighted average formulation is used,

({) — pK¢K + pL¢L (31‘96)
Pt PL

for all donored properties except for densities (which use asimple average). In this equation, px and p, are
the appropriate densities (e.g., vapor/gas or liquid). Where donored values are not used at junctions, linear
interpolations between neighboring cell values are used. It is not required that ¢,; and ¢; sumto 1; this

can occur in counter-current flow.

The provisional advanced time phasic densities used in Equations (3.1-88) through (3.1-92) are
obtained by linearizing the phasic density state relations about the old time values (see Section 3.2), these
are

~n+1 _ n 8[) n+1 n 8[) n+l n 8p n+1 n

oot = o () (et + () (X0 1) +(6Ug)L(UgL ~uy,) (3.1-97)
S+l apf) (P“”—P“) (6pf (U“” U“) 3.1-98
PsL PfL (8P L U f,L fL - 3. )

The method of abtaining the phasic density state derivatives used in Equations (3.1-97) and (3.1-98)
isalso indicated in Section 3.2.

The provisional advanced time phasic interface heat transfer rates can be written using the finite

difference form of Equations (3.1-48) and (3.1-26) after evaluating the extrapolated temperature %n” ;
these are

“n+l PS “s,n+l Tn+l 1 — 0 "n "n
ig L = Lng L(To —Ter )—(TS) [y 1 (hg 1 —hip) (3.1-99)
L
“n+1 “sn+l “n+1l n "n "n
Qi = Hj (T0" = Ti1 )—(17”) o (hoh—hit) . (3.1-100)

The provisional advanced time temperatures are obtained by linearizing the temperature state
relations about the old time values (see Section 3.2); these are
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BERES s,n oT n+l n GTS T on+l aTS T T+l n
TR ( ) prti_p +( ) Xt - X0 +( ) Ut —u 3.1-101
L L ( L) 6Xn L( L L) aUg L( gL g,L) ( )
“n+ aT n+ aT N Tn+ n oT T on+ n
Tpr = T8+ ( ) (P I—PL)+( ) (Xn,Ll—Xn,L)+(_S) (Upr =U" ) (3.1-102)
apP 0X,/, au/,
“n+1 n 8T n+ 6T no"n+l
i = T), + (ap) " l_pL)+(aU)L(UfL —ut) (3.1-103)

The method used in Equations (3.1-101) through (3.1-103) to obtain the temperature state derivatives
isasoindicated in Section 3.2.

The previoudy stated guidelines are also used to obtain the finite-difference equations for the phasic
momentum equations. In this case, volume-average properties for the momentum control volume are taken
as junction properties (that is, linear interpolations between mass and energy control volume centers). The
momentum flux terms are approximated using a donor-like formulation that results in a centered velocity
gradient term and a viscous-like term (numerical viscosity, artificial viscosity). The finite difference
equations for the sum and difference momentum equations, Equations (3.1-86) and (3.1-87), are

n+1

(0P (Va = Ve AX; + (atpp)! (VY

+ (6P TR = (VORIAL + S(ap] [V — (VDA

—V1)AX

- 5[(0'Lg|f)g)?VISG; + (dfpf)fVISF;]At (3.1-104)

= —(PL—P)" AL+ [(p)] By — (0P, FWG] (vy)]
—(op ) FWE (v T = (D) (v —v) T 1AX AL
— [(61p, )] HLOSSG]v, | + (6,9)]HLOSSFv} | 1At

and
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(HCP)[( VI v~ (T VDA
%

g

+;(a ) T - (;)E]At—%(gﬁg—gyVISGﬁAt

ggJ ghg )

(& e~ (v ?)“K]At+;(°‘fpf) VISFAt = — (2 ) (PL—Po)" At

23oupy j OePr PPg
1—‘( nVn 1 an nVn+1_an nVn+])
—{FWG}](Vg);’”—FWF;’(vf)?” { P V1 Mot T } (3.1-105)
(agpgafpf)

|

+(meI)f(vg”—v';”)j}ijAt—K“ p) HLOSSG'V"*!

J gJ
agpgj

(“fp) HLOSSF}v; At
arp

+ (——m—) (Pr =Py By (yr —yr)AL
PPt ;

g

where the viscous-like terms (numerical viscosity, artificial viscosity) are defined as

n 1 n n A‘+ n n A —
VISG! = 5{ Vi [(vg)j+lf—(vg)j]— v [(vg)J V"), 1-&-‘}} (3.1-106)
i i
and
n 1 A + n n n A'_
VISF] = 5{ D= = (v | = Vi [(vaj—(vf)j_l—i——l]} . (31-107)
i i

The viscous-like terms vanish for steady, incompressible, one-dimensional flow. The coding for the finite
difference form of the difference momentum equation is programmed as the difference of the liquid and
vapor/gas momentum equations instead of the difference of the vapor/gas and liquid momentum equations
asisshown in Equation (3.1-105).

In momentum Equations (3.1-104) and (3.1-105), the scalar or thermodynamic variables needed at
the junctions are either linear interpolations between the neighboring cell values or donored quantities.
Terms that are shown multiplied by Ax; are interpolated between neighboring cell values based on the

length of each half cell. The volume-centered velocities are defined in terms of the velocities in the
junctions attached to the volume (see Section 3.1.6). The HLOSSG; and HLOSSF; terms contain both

code-calculated abrupt area change loss terms (Section 3.4.3) and user-specified |oss terms (Section 3.4.4).

These terms are given by
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n 1 n n
HLOSSG] = Z(K;+K;p)|vg, (3.1-108)
and

n 1 n n

The code-calculated abrupt area change loss coefficients are K, and K}, where K; is the vapor/gas |loss

coefficient and K} is the liquid loss coefficient. The user-specified loss coefficient is K, , where K., is
either the forward (Kg) or reverse (Kg) inputted user-specified loss coefficient, depending on the phasic
velocity direction.

Using the same averaging techniques, the unexpanded form of the mass and energy equations
[Equations (3.1-2), (3.1-3), (3.1-39), (3.1-41), (3.1-79), and (3.1-80)] are next presented in their final finite
difference form.

The unexpanded vapor/gas density Equation (3.1-2) becomes

n+l n .1 LN n+1 .n .n _n+l “n+1
VL[(agpg)L _(agpg)L] + (ag,j+1pg,j+lvg,j+1Aj+1 _a‘g,jpg,jv Aj)At = rg,L VLAt . (31_110)

2]

~n+1

The provisional advancement time variable, T, |, is obtained using the finite difference form of
Equation (3.1-50) and is written

Pn n ~s,n+1 “n+1 n ~s,n+1 “n+1
—LH, (To = Ter ) +Hig (To =Ter)
Ipp = ——L — +T0 (3.1-111)
hyy —hey

The unexpanded liquid density Equation (3.1-3) becomes
n+ n .n . n n+ .0 .n _n+ “n+1
Vil(ogpe)p l —(opp) ] + (Cgje1Prj+ 1Vf,j+11Aj+1 =0y iPrVe lAj)At = —TgL VAL . (3.1-112)

The unexpanded total noncondensable density Equation (3.1-39) becomes

(Bl n+1

n .1 .1 51 n+1 .0 .n
~ (0P X)L T+ (O 1P 1 X 1V a1 Ay ry =y P X Ve APAL (3.1-113)
=0.

n+1

VL[(agngn)L
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The unexpanded density equation for the i-th noncondensable species, Equation (3.1-41), becomes

n+1 n *n .n . n A n+1
VL[((xgngani)L _(agngani)L] + (a&j*' lpg,j+ IX“:j + IX“i»j+ 1VgJ+ IAJ+1

(3.1-114)
O('g Jpg JXn JXm JVn+]Aj)At =0 .
The unexpanded vapor/gas thermal energy Equation (3.1-79) becomes
VL[(agngg)EH _(agngg)E] + [dz,j’r 1(p2,j+ 1U; j+1t PE)V;}, 1Ay
gJ(ngUgJ + PL)VE:r1 i1At = —VLPL(OLEJLI —(x';’L)
h nP “sn+1 “n+l h* " ~an+l ~ntl
+ {_ ( f J Is L Lng (T —Ter)— (—‘—g'—*J lf (T —Ter ) (3.1-115)
h —h .—hi/),
P—hn —P e 1+ 1— ,n n n n
_[ L o J Hyp 1 (Te1 —TfL ) + K > 8)hg Lt (_2 g)hf,Lj|rw,L +Qu, L +DISS, |}V AL .
L
The variables 624", To""", Ti1', and Tii' are written with a tilde (<) to indicate they are

provisional advancement time variables. The unexpanded liquid thermal energy Equation (3.1-80)
becomes

n+1

Vi[(oprUp " = (oupUpr T+ (0841 (PF 41 Utjrt + POVEL ALy

n+1 n+1

afJ(PtJUtJ +PL)VfJ AjJAt = VLPL((XgL _U“g,L)
h nP sn 1 “n+1 h* " sn 1 “n+l
+{ [h fh] =Ly, (T —Tg,1)+[—*—g—*] Hip (TE" T =Tir) (3.1-116)
g~ L

n
L

L “nel o o+l o —e\nTen ., N
+[ . J gfL(TgL _TtL ) [(%H)hé,L+(lT(q)héLer,L+wa,L+DISSf,L}VLAt .
3.1.4 Time Advancement for the Semi-Implicit Scheme

The solution scheme will be discussed with regard to the state of the fluid in a control volume for two
successive time steps. There are four possible cases:

1 Two-phase to two-phase, where two-phase conditions exist at both old time (n) and new
time (n+1).
2. One-phase to one-phase, where one-phase conditions (either pure vapor/gas or pure

liquid) exist at both old time (n) and new time (n+1).
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3. Two-phase to one-phase (disappearance), where two-phase conditions exist at old time
(n), and one-phase conditions exist at new time (n+1).

4, One-phase to two-phase (appearance), where one-phase conditions exist at old time (n),
and two-phase conditions exist at new time (n+1).

The solution scheme will first be presented for the two-phase to two-phase case, because it is the
most general. The solution scheme for the other three cases will then be presented.

3.1.4.1 Two-Phase To Two-Phase. First, the density and temperature Equations (3.1-97),
(3.1-98), (3.1-101), (3.1-102) and (3.1-103) are substituted into the five expanded density and energy
difference Equations (3.1-88) through (3.1-92). The equations are then ordered so that the noncondensable
density equation is first, the vapor/gas energy equation is second, the liquid energy equation is third, the
difference density equation is fourth, and the sum density eguation is fifth. The five unknowns are
expressed as differences, and the order is

~n+1

“n+l n “n+l n “n+1 n n n n
(Xno =X, 1), (Ug L _Ug,L)7 (U —Ugyp), (ag,L _(x'g,L)a and (PL+1 -Pp) . (3.1-117)

Thetilde () is used for X, Ug, Ut, and o to indicate that these are provisional new time variables

and do not represent the final new time variables for the two-phase to two-phase case. The ordering of the
variables and equations was selected so that a given equation is dominated by its corresponding variable
(e.g., the vapor/gas energy equation is second and the vapor/gas specific internal energy variable Uy isalso

second). The noncondensable equation is placed first for ease of degeneration when a noncondensable
component is not specified in the problem, and the pressure variable is placed last for numerical
convenience in the pressure solution. The five eguations are then each divided by the volume V. The

system of equations has the following form, where the matrix A and the vectors b, g', ¢°, f', £* contain
only old time level variables (the subscript L and the superscript n has been dropped for the listing of the
matrix and vectors):

Ax =b+gviinr gVl LV DV (31-118)

where
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— _ i n+1 n ]
Xn o — X,
Ay A 0 Ay Ags ’fl L
Ay Ay Ags Ay Ags Ug L —UQ,L
Azl Az Azz Ay Ass X = UEEI -U;,
Ay Ap A Ay A ~n n
41 Dap D43 N4g D45 a +Ll —aly
_A51 As; Asz Asy Ass_ a1 n
L PL _PL
0] g @ 0
b, gé g; 0
1 _ 2 _ Lo
b, g =0 g =0 £ =5
b, & g fi
0 1
2 25 23] f5

U P (LJ At}lsHig(aT _8Tg)

£700X, \ni—hy) P NOX, 0X,
h. oT® (P—P) oT

+| —=— [AtH,C + At —— |1, S
(h; —h;j "oX, P /X,

(02040 +[ i i, (-1
ou, h,-h,/) P ou, 0dU,

h. oT (P —-P ) oT
+ | —= |AtH. + At ) S
[h;_ j ou, P £ou,
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h, oT oT

- AtH; 1 At( )H f 1107
(h h J an P gian ( )
Jort (3.1-128)

ocgugapg+[ _be *]At H, (aT aT)
op hg_hf P oP 0P

(3.1-129)
+ L | A, (aT 5T) +At(P P)H f(aT 8T)
h, —hg oP OP 5 Hel 55"~ 55
- % AtlisHig(ai h—g_* AtHlfaT
h,—h;) P 0K, \n-n ox,
o f (3.1-130)
P /X,
_( *hf *JAt%ng(g%—%) [ h \]AtH”gP{]
hg - hf g g h —h e (31-131)
P-P oT
— At( S)H g
P/ 50,
ops ) h oT; (P -P ) oT,
U + + £— |AtH;; + At S H,, 3113
af( fﬁ_Uf Pt " : 30, > . ( )
T (3.1-133)
Ops_[_hr |\ P (aT oT, )
Upss = At=H,
(o7 fﬁ (h* —h* P P aP
g f
(3.1-134)
_ (Thg—*J AtHif(a_T —a_Tf) —At(P —PS) Hgf(@T 6T)
h, —h; oP oOP P 3P 2P
ax. ) A o — a0 T AT 3.1-135
%X, ho—hy P S0X, X/ \ni_py  0X, ( )
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Pgt Pt
aga_pg - O‘t‘a—pf + (%} AtlisHig(a_T _a_T
oP 0P ‘W _n P opP oP
g f
NES. &
h, —hy opP oP
o,
20X,
o,
g('5Ug
op;
ouU;
pg — Pt
Opg,  Op¢
ey
%5p * *op

—( by j At%Hig(Ts -T,) — [—hg—] AtH (T = Ty)
h

h, —hg

- At(P ;PS) Hy(T, =Ty + Atrw[(l ;8) hy + (1 ; 8) hg} +Q, At
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g1

*

h, —h;

[—EL—J At%Hig(Ts ~T,)+

P-P

e

*

h, —h;

2 P, s
—( )AtEHig(T ~T,) -

At

- (agngnA)J +1 AV

- [d'g,j+1(pg,j+1Ugaj+1 +PL)Aj+1]

. At
- (agpgA)j +1 V

At

- (agpgA)j +1 V

o oa At
(agng“A)jV

. LT At
[ag,j(pg,jUg;j + PL)AJ]V

At

(agpgA)J‘V

— [ctgja1(Prje1Urje +P)A ]

At

(dfpfA)j +1 Vv

J AtH;((T* = Ty)

=2 7, = T = A [+ (L)) + @

+ DISSAt
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(3.1-146)

)AtHif(TS ~T,) +2[ At  (3.1-147)

(3.1-148)

(3.1-149)

(3.1-150)

(3.1-151)

(3.1-152)

(3.1-153)

(3.1-154)

(3.1-155)

(3.1-156)

(3.1-157)
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At

fs = = (SuPeA) (3.1-158)
£ = (P Un +POATY (31-159)
£ = _ (o'cfpfA)j-A\7t (3.1-160)
£ = (o-cfpfA)jAVt . (3.1-161)

A solver®31-14 s ysed to obtain the bottom row of A~ . The solver uses LU factorization without

pivoting and factors the matrix into upper and lower triangular matrices (LU factors) using triangular
decomposition.

Multiplying Equation (3.1-118) by A™", one can verify that just the bottom row of A~ is needed to

n+1

obtain an equation that involves only the unknown variables (P

n+1 n+1 n+1

n
—PL) ., Vgjr1s Vgj o Vijer, and

n+1

ve; . Substituting the velocity equations [after solving momentum Equations (3.1-104) and (3.1-105) for

n+1

. and vrf’j "1 into this equation results in a single equation involving pressures. This is done for each

\
volume, giving rise to an N x N system of linear equations for the new time pressures in a system
containing N volumes. Next, the default border-profile LU solver®110 js used to obtain (P} "' —P!) for

n+1

each volume. Then, the pressure differences (P, —P]) are substituted into the velocity equations to

obtain the new time velocities.

Now, the new time velocities are substituted back into Equation (3.1-118) to obtain a single vector on

“n+l "+l

the right side. The LU factors are used to obtain the provisiona time variables XEle , Ugr , Ugr , and

~n+l
Oy -

A mixture density, pE:Ll , i1s then calculated from the unexpanded form of the mixture continuity

n+l1

equation which is numerically mass preserving. The mixture density p,,’; is calculated by adding the

phasic density Equations, (3.1-2) and (3.1-3), to give the mixture continuity equation, which is

a. Personal communication, E. S. Marwill to J. A. Trapp, January 1983.
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oy, 10

ot Aﬁx(agpgng+ocfpfva) =0 . (3.1-162)

The mass-preserving finite difference approximation is

+1 n n n n+1 n .n _n+l
VL(pn L_pL)+(d i+1Pgj+1V '+1A‘+l_d iPe.iVe. A‘)At
m, &) lg,J g] J lg»J g1 8] J (31'163)
. n .1 n+ . .n _n+ _
+(Ogje1Prjr1Vej+1Aj+1—OgiPeiVej Ap)At =0

n+1 n+1

from which p,, ', is obtained. The density pﬁ:ﬂ is compared with the mixture density, p, , which is

calculated from the state relations. The difference between these two mixture densities is used to provide a
time step control based on truncation in the calculation of the mixture density (see Section 8.1).

s,n+1 n+1

Next, Iat' is calculated using Equation (3.1-111), where Ti" ', Tar , and Tt: are obtained

“n+l “n+l

from Equations (3.1-101) through (3.1-103) using the newly calculated variables P} ', U, , Urr , and

“n+l
n,L -

n+1 n+1 n+1

To obtain the new time variables X1, X5, Ust', Uil', and ap ', the unexpanded difference

equations, Equations (3.1-110), (3.1-112), (3.1-113), (3.1-114), (3.1-115), and (3.1-116) are used. In the
discussion introducing the unexpanded difference equations, motives were given for use of the
unexpanded form. Extensive numerical testing has shown the benefits of the following procedures.

Using the phasic convective terms along with f‘;*ﬁ from Equation (3.1-111), the unexpanded phasic

density Equations (3.1-110) and (3.1-112) are used to obtain (a,p,); ' and (ogpp); ' .

Next, the unexpanded total noncondensable density Equation (3.1-113) is used to calculate
(apeX,); ', whichisthen divided by (o,p,); "' toobtain X; 7'

The unexpanded individual noncondensable density Equation (3.1-114) is then used to calculate
(0P X, Xp); ~, Whichisdivided by (o,,p,X,); " toobtain X;.7 .

Following this, the unexpanded vapor/gas energy Equation (3.1-115) is used with the vapor/gas
energy source and convective terms from the expanded equation as well as the provisional time variables

s+l “n+l n+1

T, T, ,and "' to obtain (agp Uy ", which is divided by (a,p,);"' to give Upy'.
Anaogously, the unexpanded liquid energy Equation (3.1-116) is used to obtain (ocfprf)i+1 , Which is

divided by (a,pp); "' togive Uj;'.
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n+1

Finaly, o, 1 iscaculated from (ocfpf)E+1 using the equation
((X )n+1
oapt! = 1—af} = 1-—0L (3.1-164)
Pt L
“n+1 n+1

where p; | isobtained using alinearized state relation Equation (3.1-98) and the new time variables Py,

and U} ;. The equation for p};' hastheform

~n+ n 0 n n+ n 0 B n+ n
it = ohu+(Gp) 1P+ (SR Wit vt (31-165

The unexpanded equations are used in all two-phase to two-phase cases, except when the provisional
void fraction ay ;' islessthan 0.001 and ;' <oy ; . For this case, the provisional new time variables
are taken to be the new time variables.

3.1.4.2 One-Phase to One-Phase. For this case, the pressure calculation remains the same asin
the two-phase to two-phase case. For the densities and energies, however, the unexpanded equations are
not used, and the provisional new time variables obtained from the expanded equations are taken to be the
new time variables. For the phase that is not present, the interfacial heat transfer coefficient for that phase

is computed as if the void fraction was approximately 107 instead of zero. This resuilts in the specific
internal energy of that phase being computed very close to saturation conditions. Slight numerical
variations from saturation occur due to linearization; and the phasic specific internal energy, temperature,
and density of the missing phase are reset to the saturation values in the state relations subroutine. This
ensures agreement with saturation conditions. For the phase that is present, avalue of 0.0 for the interfacial
heat transfer coefficient is used, since there is no mass transfer occurring.

3.1.4.3 Two-Phase to One-Phase (Disappearance). For this case, the calculation is carried
out in the same way as in the two-phase to two-phase case, where expanded calculations followed by

n+

unexpanded calculations are used (except for the case &gle <0.001 and &gj Ll < ag,L ). Then, for the phase

that disappears, the phasic specific internal energy, temperature, and density are reset to saturation values
in the state relations subroutine, as is done with the one-phase to one-phase case. Sometimes when a phase
disappears, the calculated void fraction and/or noncondensable quality isless than zero or greater than one.
When this occurs, the void fraction and/or noncondensable quality is then reset to zero or one, respectively.
If the calculated void fraction and/or noncondensable quality is too much less than zero or too much
greater than one (amount determined through extensive testing, which is consistent with the mass error
check), an error is assumed to have occurred, and the time step is reduced and repeated.

3.1.4.4 One-Phase to Two-Phase (Appearance). Here, the calculation proceeds in the same
way as in the one-phase to one-phase case. For the phase that is not present, the large interfacial heat

transfer coefficient for that phase is computed as if the void fraction was approximately 10°° instead of
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zero. Thisresults in the specific internal energy and temperature of that phase being computed very close
to saturation conditions. Because the phase that is appearing is assumed to appear at saturation conditions,
an error can be madeif, in reality, the phase appeared by convection from a neighboring volume that was at
a temperature different from saturation. The magnitude of the potential error is controlled by letting the
phase appear at saturation but restricting the amount that can appear by time step control. If more than the
limiting amount (amount determined through extensive testing) appears, an error is assumed to have
occurred, and the time step is reduced and repeated.

3.1.5 Difference Equations and Time Advancement for the Nearly-Implicit Scheme

For problems where the flow is expected to change very slowly with time, it is possible to obtain
adequate information from an approximate solution based on very large time steps. This would be
advantageous if a reliable and efficient means could be found for solving difference equations treating all
terms (i.e., phase exchanges, pressure propagation, and convection) by implicit differences. Unfortunately,
the state of the art is less satisfactory here than in the case of semi-implicit (convection-explicit) schemes.
For illustration, afully implicit scheme for the six-equation model of a 100-volume problem would require
the solution of 600 coupled algebraic equations. If these equations were linearized for a pipe with no
branching, inversion of a block tri-diagonal, 600 x 600 matrix with 6 x 6 blocks would be required. This
would yield a matrix of bandwidth 23 containing ~13,800 nonzero elements, resulting in an extremely
costly time-advancement scheme. Note that the tri-diagona shape is limited to a pipe with no branching
problem.

To reduce the number of calculations required for solving fully implicit difference schemes,
fractional step (sometimes called multiple step) methods have been tried. The equations can be split into
fractional steps based upon physical phenomena. This is the basic idea in the nearly-implicit scheme.

Fractional step methods for two-phase flow problems have been developed.311531-16 These earlier
efforts have been used to guide the development of the present nearly-implicit scheme. The fractional step

method described here31-17 differs significantly from prior efforts in the reduced number of steps used to
evaluate the momentum equations.

The nearly-implicit scheme consists of two steps. The first step solves all seven conservation
equations, treating all interface exchange processes, the pressure propagation process, and the momentum
convection process implicitly. These finite difference egquations are exactly the expanded ones [Equations
(3.1-88) through (3.1-92), (3.1-104), and (3.1-105)] solved in the semi-implicit scheme with one major
change. The convective termsin the momentum Equations (3.1-104) and (3.1-105) are evaluated implicitly
(in alinearized form) instead of in an explicit donored fashion as is done in the semi-implicit scheme. The
second step consists of solving the unexpanded form of the mass and energy eguations.

3.1.5.1 First Step of the Nearly-Implicit Scheme. The linearized implicit technique used for
the convective terms in the momentum equations in the first step is illustrated for the convective term in
the vapor/gas part of the sum momentum Equation (3.1-86). An analogous result occurs for the liquid part
aswell as for the difference momentum Equation (3.1-87). The vapor/gas convective term is
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1 2y 3.1-166
Eagpg(vg)XK . (3.1 )

In the nearly-implicit formulation, the VISF [Equation (3.1-107)] and VISG [Equation (3.1-106)]
terms that result from the donor cell formulation are not used because they are not needed for stability
purposes. Evaluating the velocities at new time gives the finite difference form of the vapor/gas convective
term as

n+1,2 n+1,2

%(dgpg)j’[(vg,L ) —(vex) 1 . (3.1-167)

Thisterm can be rewritten as

1, - . \n., n+1 n 2 n n+l n n o2
E(agpg)j[(vg,L _VgaL) +2Vg’L(Vg’L _Vg’L)+(Vg’L) (3-1'168)

+1 2 +1 2
_(VE,K _V];,K) _ZVI;,K(V];,K _VE,K)_(VZ,K) ].

Assuming that the leading quadratic term for L and K is small (small temporal changes in velocity)
compared to the others results in the term

n+1

1,. . \n n n n (2 n n+ n n 2
E(agpg)j [2Vg,L(Vg,L _Vg,L) + (Vg,L) _2Vg,K(Vg, K1 — Vg, K) - (Vg,K) ] : (31_169)

Using this linearized implicit form, the convective (momentum flux) terms in the sum momentum
finite difference Equation (3.1-104) are replaced by

1,. . . n n+1 n n 2 n n+l n n 2
E(agpg)J [2Vg,L(Vg,L _Vg,L) + (Vg,L) _2Vg,K(Vg,K _Vg,K) _(Vg,K) ]At

(3.1-170)

1,. .. +1 2 +1 2
+§(afpf)j [ZV?,L(V?,L _Vrfl,L)+(VIfl,L) _2VIfI,K(VIf1,K _V?,K)_(V?,K) JAt .

Similarly, for the difference momentum finite difference Equation (3.1-105), the convective
(momentum flux) terms are replaced by

1 a“ . ! n n n n 2 n n n n 2
() T2vE L =V (0" =2V Ve ~(vh A
g. g. j (3.1-171)
1o ! n n+ n n (2 n n+ n n |2
—‘(—fpf) [2Vf,L(Vf,L1_Vf,L)+(Vf,L) _2Vf,K(Vf,Kl_Vf,K)_(Vf,K) JAt .
2 apy
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Just like the semi-implicit scheme, the coding for the finite difference form of the difference momentum
equation [Equation (3.1-105) with convective (momentum flux) terms from Equation (3.1-171)] is
programmed as the difference of the liquid and vapor/gas momentum equations instead of the difference
of the vapor/gas and the liqguid momentum equations [as shown in Equation (3.1-105)] in the
nearly-implicit scheme.

The volume-centered velocities are defined in terms of the velocities in the junctions attached to the
volume (see Section 3.1.6). Thus, the new time volume-averaged velocities have the form

Jin Jout

n+1 _ n n+1 n+1

ViL = D epvey t Y epvij (3.1-172)
j=1 i=1

and

n+1 an n+1 Lot n n+1l

Ver = z 2iVei Ce.iVej (3.1-173)

where cf ; and c; ; contain al old time quantities, and the equations have the same form as those in

Section 3.1.6 except that the junction velocities are at new time values.

Although this additional implicitness involves only the momentum flux terms, it has a large impact
on the algebraic solution algorithm in the first step of the nearly-implicit scheme. In the semi-implicit
scheme, Equations (3.1-88) through (3.1-92) are solved locally to give a single equation of the form

n+1

Py

n+1
gjt+l

= Avy i +Bvy; +Cvi} +Dvi +E (3.1-174)

for pressure, where A, B, C, D, and E contain n time level variables only (see Figure 3.1-3 for cell
indexes). In the semi-implicit scheme, the momentum equations are also solved locally to obtain

Vit = AP =P + O (3.1-175)

g)

vii' = B'(P{" =P )+ D' (3.1-176)

where AL, B, !, and D* again contain only n time level variables. If the momentum Equations (3.1-175)
and (3.1-176) are used to eliminate the n+1 time level junction velocities from Equation (3.1-174), we get
the pressure equation used in the semi-implicit scheme to obtain all the n+1 time level pressures. For the
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previous example of a 100 volume straight pipe with no branching problem, this results in a 100 x 100
tri-diagonal matrix system to solve for al the P,

In the nearly-implicit scheme, because the momentum flux terms are implicit, the momentum
Equations (3.1-104) and (3.1-105) [using the convective terms from Equations (3.1-170) and (3.1-171)]
cannot be locally solved to get Equations (3.1-175) and (3.1-176). The new time convective terms bring in

n+1

the n+1 time level upstream and downstream junction velocities, e.g., v¢;_; and v‘f‘;i, Equations

(3.1-88) through (3.1-92) are till used to obtain Equation (3.1-174). In the nearly-implicit scheme,
Equation (3.1-174) is used to eliminate the n+1 time level pressure terms from the sum and difference
momentum Equations (3.1-104) and (3.1-105) [using the convective terms from Equations (3.1-170) and
(3.1-171)], and a coupled pair of momentum equations involving only n+1 time level junction velocitiesis
obtained. Because of the n+1 time level momentum flux terms, this is a globally coupled system. For a
pipe with no branching of 100 junctions, a 200 x 200 matrix system is obtained. By partitioning the matrix
into 2 x 2 submatrices (or blocks), the matrix is in block tri-diagonal form. This system is next
preconditioned in order to enhance the diagonal dominance of the matrix.3118 This system of equationsis

n+1 n+1

then solved using the default border-profile LU matrix solution algorithm.3'1'10 Oncethe vi ~ and v,

solution is obtained, P"™*! is obtained by substitution into Equation (3.1-174). Using Equations (3.1-88)

“n+l “n+l

through (3.1-92), provisional new time values for oy, Ug, U, and X,,, denoted by &g” ,Ug ,Ur ,and

“n+1

X, ,can aso be obtained.

In the nearly-implicit momentum equations, the void fraction used in the gravity head and the
horizontal stratification force termsis at the new time (n + 1). Equations describing the void fraction in a
volume in terms of the phasic velacities in the junctions attached to the volume [similar to Equation
(3.1-174)] can be derived from the solution of the phasic mass and energy equations. These relations have
been used to eliminate the void fraction in the gravity head and horizontal stratification force termsin the
momentum equations in terms of the phasic velocities. This substitution makes the nearly-implicit solution
algorithm more implicit and leads to enhanced numerical stability.

3.1.5.2 Second Step of the Nearly-Implicit Scheme. The second step in the nearly-implicit
scheme is used to stabilize the convective terms in the mass and energy balance equations. This step uses
the final n+1 time level junction velocities from the first step along with the interface exchange terms
resulting from the provisional variables of thefirst step, i.e., the interface heat and mass exchanges for step

“n+l "+l

two are calculated using P™2, U, ,Us ,and XEH from step one. The phasic continuity and energy
eguationsin this second step have the convected variables evaluated at the n+1 timelevel, i.e. implicitly, as
compared to their explicit evaluation in the first step.

The vapor/gas density equation is

n+1 “n+1

n - on+l n+ - o.n+l
—(agpy)r] +[(ap)g,jHVg,lerlAjﬂ_(ap)g,j Vi AjJAt = T'g L VAt . (381-177)

n+1

VL[(agpg)L
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Theliquid density equation is
n+ n oon+l 4 - oon+l 4 “n+l
Vil(op)r = (op)r 1+ [(op)ei+ Vi Ay —(ap)t; Vi AjJAt = Tyr ViAt . (3.1-178)

In Equations (3.1-177) and (3.1-178), the interfacial mass exchange l:Z” is evaluated using the
provisional values from the first step and iswritten

“sn+l “sn+l “n+1
—= Lng L(TL _Tg L ) + Hlf L(TL -Teo )
Thr = — it — +T0 (3.1-179)
h ’L_hf,’L

g,

“n+l “n+l

where the provisional temperatures T""" are evaluated as functions of Ug ,Ur , Xa ,and P from
the linearized state relation [Equations (3.1-101), (3.1-102), and (3.1-103)].

The total noncondensable density equation is

n+l +1 n+1
VL[(agngn)L _(O('gpg)(1 )L] [(agng )J+1VgJ+1AJ+1 (31'180)
— (0P Xa)i  Vai AJAL =0
The density equation for the i-th noncondensable speciesis
n+l n+l p+1
VL[(O('gng Xm)L (agng Xml)L] + [((xgng an)J+IVgJ+1AJ+1 (31'181)
— (0P X, X)), VET'AJAL = 0
The vapor/gas thermal energy equation is given by
n n . n+l g n
Vil Ut = (00, U1+ [(apU)eie Ve s ALy = (apUg Ve AL
= —VLPi(&gle _argl,L)_Pi(d;,j+lvg,j+lAj+l 0‘2 ]Vrgllej)At
+{ —[ b ] Porpy, L(Ti“”—TQE‘)—[*—h%] Hp (T -Ti) (31-18)
h —h L -

L

Pn—P “n+l "n — " n n 0
- ( o z_] Hy (Te L —TfL )+|:(1gs)hé,L+(l28)hf:L:|rw,L+ng,L+DISSg,L 1V, At

L
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Theliquid thermal energy equation is given by

n+1 n+l p+1

Vil(op U (afprf)L]+[(apU)fJ+1VfJ+1 je1—(opUrj vij Aj]At
= ViPL(og L —og ) = PL(dju Vi Aj — v ADAL
—h* nPn n Tsntl Tn+l h* ! “s,n+1 “n+1
+{ (h £ J —=LH, (TC —Te1 )+(—5—J H (T —Teo) (3.1-183)

* QX n * _ Rk
S —h#) pr h* —h;

Pn—P “n+1 “n+1 "n — "n n n n
+( = - ] gfL(TgL —TeL )_[(%:)hg’,L+(lz_iz)hf:L:|rw,L+wa,L+DISSf,L FVLAL .
P

L

The second step uses the mass and energy balance equations. If the structure of Equations (3.1-177),
(3.1-178), (3.1-180), (3.1-181), (3.1-182), and (3.1-183) isexamined, it is seen that each equation involves
only one unknown variable:

n+1

Vapor/gas density Equation (3.1-177)  (ap),

n+1

. Liquid density Equation (3.1-178)  (ap)y

. Total noncondensable density Equation (3.1-180) (ocgngn)“+1 :

. Individual noncondensable density Equation (3.1-181) (ocgngnXm)n+l .
. Vapor/gas energy Equation (3.1-182)  (apU); "'

. Liquid energy Equation (3.1-183)  (apU); "'

1

This is because the new time velocities, vn and v?” , are known from step one, and provisional

n+1 values from step one are used in the exchange terms. Hence, each equation is uncoupled from the
others and can be solved independently. In addition, the equations involving the vapor/gas phase,
Equations (3.1-177), (3.1-180), (3.1-181), and (3.1-182), have the same structural form for the convective

terms, i.e., each equation convects with velocity v‘”1 The coefficient matrix generated by Equation

(3.1-177) is inverted once, and then this inverse is used with different right sides to solve Equations
(3.1-180), (3.1-181), and (3.1-182). Hence, for the pipe without branching problem of 100 cells, only one
100 x 100 tri-diagonal system is inverted to obtain (ap);” , (agpgxn)n+1, (angXani)"” and

n+l1

(apU), . Inlike manner, the liquid phase Equations (3.1-178) and (3.1-183) have the same structure
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and require only one inversion to be carried out to solve both equation sets, giving (mp)?+1 and

n+1

(apU);

With the above new time variables known, we obtain X, "', X;."', U "', and U "' from
n+1
xptt = (OaPXo) (3.1-184)
(ogpy)
n+1
Xyt = (2apeXoXo) (3.1-185)
((X‘gpgxn)
n+1
Ut = Uy (3.1-186)
(ogpy)
n+1
Ut = (ocfprfn)+1 _ (3.1-187)
(oepg)
The void fraction, o ', is obtained from
ael pn+1_[3rf1+l (ap)n+l +(ap)1;+l_[3rf1+l
N T I ra— (3.1-188)
pg — Pt pg —Ps
where
pht! = the overall mixture density
ppt! = the liquid density, which is calculated from the linearized state relation

[Equation (3.1-98)] using Pt and U} "'

~“n+1

. = the vapor/gas density, which is calculated from the linearized state relationship

n

[Equation (3.1-97)] using P™1, X7 ' and U, ™'

Up to this point of this section on the nearly-implicit scheme, the difference equations have been
presented along with the time advancement for the case of two-phase to two-phase only. Asindicated in
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Section 3.1.4, there are three other possible transition cases (one-phase to one-phase, two-phase to
one-phase, and one-phase to two-phase). These three cases will now be described for the nearly-implicit
scheme.

For the one-phase to one-phase case, both the first step and the second step are carried out as in the
two-phase to two-phase case. For the phase that is not present, a large interfacial heat transfer coefficient
consistent with the interfacial heat transfer coefficients computed from the correlation for avoid fraction of

10 is used. For the phase that is present, a value of 0.0 is used for the interfacial heat transfer coefficient.

For the phase that is not present, o is zero, and thus ((xp)n+l equals zero for that phase. The provisional n+1
value of the corresponding variable is used in order to avoid the division by zero in Equations (3.1-184)
through (3.1-187). As with the semi-implicit time advancement, phasic specific internal energy,
temperature, and density of the missing phase are reset to the saturation values in the state relations
subroutine.

For the two-phase to one-phase case (disappearance), the calculation is carried out the same asin the
two-phase to two-phase case. Then, for the phase that is missing, the phasic specific internal energy,
temperature, and density of the missing phase are reset to saturation values in the state relations subroutine
as is done with the one-phase to one-phase case. Sometimes when a phase disappears, the calculated void
fraction and/or noncondensable quality is less than zero or greater than one. When this occurs, the void
fraction and/or noncondensable quality is then reset to zero or one, respectively. If the calculated void
fraction and/or noncondensable quality is too much less than zero or too much greater than one (amount
determined through extensive testing, which is consistent with the mass error check), an error is assumed
to have occurred, and the time step is reduced and repeated. This is the same approach used in the
semi-implicit scheme time advancement.

For the one-phase to two-phase case (appearance), the first step quantities are used for the appearing
phase. A large interfacia heat transfer coefficient, consistent with the interfacial heat transfer coefficients

from the correlations, as if the void fraction were 10™, is used for the appearing phase, resulting in the
energy and temperature of that phase being very close to saturation. Because the phase that is appearing is
assumed to appear at saturation conditions, an error can be made if, in reality, the phase appeared by
convection from a neighboring volume that was at a temperature different from saturation. The magnitude
of the potential error is controlled by letting the phase appear at saturation but restricting the amount that
can appear by time step control. If more than the limiting amount appears, an error is assumed to have
occurred, and the time step is reduced and repeated. This is the same approach used in the semi-implicit
scheme time advancement.

In summary, the second step stabilizes the convective terms in the mass and energy equations, and it
does so with very little computational effort due to the fractional step nature of the scheme. As an example,
if the nearly-implicit method is compared with the fully implicit method for a pipe without branching
problem of 100 cells, we have the following efficiency estimates. The fully implicit method requires the
inversion of a banded block tri-diagonal 600 x 600 matrix of bandwidth 23 containing 13,800 nonzero
elements. The nearly-implicit method requires the inversion of one block tri-diagonal 200 x 200 matrix
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with 2 x 2 blocks and bandwidth 7 containing 1,400 nonzero elements plus two 100 x 100 tri-diagonal
matrices with 300 nonzero elements. The nearly-implicit method thus requires about 1/10 the number of
storage locations required by the fully implicit method. If the computational efficiency is estimated by
counting the number of multiplications in the forward part of a Gaussian elimination algorithm, then the
fully implicit method for this problem requires about 450,000 multiplications, whereas the nearly-implicit
method requires about 2,000 multiplications. Thus, the nearly-implicit method requires about 1/200 (based
on the number of multiplications) of the computational time per time step needed for a fully implicit
scheme.

3.1.6 Volume-Average Velocities

The previous development of the difference equations considered a pipe consisting of a series of

singly connected volumes without branching. In RELAP5-3D® | each volume may have zero, one or more
junctions attached to itsinlet end in the normal flow direction, and, zero, one, or more junctions attached to
its outlet end in the normal flow direction. The same can be true for the two crossflow directions (see
Section 3.4.5). Therefore, the flux terms at the inlet or outlet end of a volume for the normal or crossflow
directions consist of a summation over all of the junctions attached to that end of the volume.

Volume-average velocities are required for the momentum flux calculation, evaluation of the wall
frictiona forces, evaluation of the wall heat transfer, evaluation of the interfacial heat transfer, and the
Courant time step limit. In a smple constant area passage, the arithmetic average between the inlet and
outlet is a satisfactory approximation. At branch volumes, however, with multiple inlets and/or outlets or
for volumes with abrupt area change, use of the arithmetic average results in nonphysical behavior.

The liquid and vapor/gas velocities in the normal or crossflow directions in the volume cells are
calculated by a method that averages the phasic mass flows over the volume cell inlet and outlet junctions
in the normal or crossflow directions. A cell volume is shown in Figure 3.1-4, where the rectangular box
represents a cell volume. Each of the arrow vectors into or out of the box represents the liquid mass flow
through an inlet or outlet junction, respectively, in the normal or crossflow directions. The variable Jin is
the number of inlet junctions, and Jout is the number of outlet junctions. This discussion will be for liquid
velocity; the vapor/gas velocity derivation is the same.

At theinlet side of the volume, the total mass flow rate into the volume is given by

Jin
Mg, = Z Gy iPr Ve A (3.1-189)

i=1

where My ;, is the mass flow rate of liquid into the volume.

The averageinlet liquid volume fraction can be defined as
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(apvi)iAr ——% (o4prviAg
o o —) o o
(aspsV) oAy —» —>  (4psVp)2A2
PV Jin-1Asn1 —» ——% (CPrVE)sout- 1A Jout -1
PV inAsn —> —> (CPVE) JoutA Jout
Inlet Ouitlet

Figure 3.1-4 Schematic of avolume cell showing multipleinlet and outlet junction mass flows.

Jin

D dg A,
G = ——— (3.1-190)

Jin

2 A

j=1
The average inlet liquid density can be defined as

Jin
D 6P A
Prm = ———— . (3.1-191)

Jin

D d A,

i=1

The average inlet liquid velocity with respect to the total inlet junction cross-sectional area can be
defined as

Vo = —— (3.1-192)

Thetotal inlet junction cross-sectiona areais
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A, = S A . (3.1-193)

Equation (3.1-189) can be expressed in terms of the average inlet conditions as

Jin
Mg, = zdﬁjpﬂjvf,jAj = O inPrinVe inAin - (3.1-194)

j=1
In terms of the volume cross-sectional area, A, the mass flow rate can be written as
Mg in = O inPr, in\_’IEinAL (3.1-195)

where \‘/Ein is the liquid volume inlet velocity. By equating Equations (3.1-194) and (3.1-195), canceling

terms and rearranging, the liquid volume inlet velocity can be expressed as
Vi = Ve . (3.1-196)

Substituting Equations (3.1-192) and (3.1-193) into Equation (3.1-196) gives

Jin Jin
(z df,jpf,ij,jAjj [ZAJ
_L j=1 j=1

= . 3.1-197
Vf, in iin AL ( )

D piA,
i=1

Similarly, the liquid volume outlet velocity can be expressed as

Jout Jout

(de,jpf,ij,jAJ [ZAJ

_L j=1 j=1

Vo = . 3.1-198

£ out — AL ( )
D peA,

i=1

In RELAP5/MOD1, the total liquid momentum of the volume was expressed in terms of the
momentum of the inlet and outlet halves of the volume as (assuming density changes are small)
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1 _ 1 _
PrLViveL = EPf,LVLVEm"'EPf,LVLVEom . (3.1-199)
Thus,
iy = %(VEMVEOM) - (3.1-200)

Substitution of Equations (3.1-197) and (3.1-198) into Equation (3.1-200) yields

Jout Jout
il LN n
Cp i Pr, Ve, jA A;
j =1 _] =1

1
2 Jin Jout
Adeﬂjpf,jAj AdeﬁjpﬁjAJ

i=1 i=1

j=1 j=1

Jin Jin
(Z dlfl,jplfl,jVIfl,jAJ [ZAJ

+

(3.1-201)

N =

Vip

where old timelevels (n) are used for time varying quantities. This arithmetic average of the averaged inlet
and averaged outlet velocities was used in RELAP5/MOD1.3119

The use of the 1/2 factor in front of the inlet and outlet average velocities sometimes resulted in
unphysical results in the convective term of the momentum equations (momentum flux), which uses the
volume average velocities. One example occurred in avertical pipe that is vertically stratified. Sometimes
the liquid velocity was calculated to be unphysical. Using the liquid and the inlets as an example, the 1/2

factor used in RELAP5/MOD1 was replaced in subsequent versions of RELA P5-3D® by

Jin
D (o)A,

j=1

(3.1-202)

Jin + Jout N
D (P

i=1

This is aso done for the liquid outlets, as well as the vapor/gas inlets and outlets. This approach
resolves the above problem, and it gives a liquid velocity that is similar to the liquid velocity in the
junction below.

Using the modification discussed above, the RELAP5-3D®  volume-average velocity formulas then
have the form
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Jin Jin Jout fout
(Z (defo);lAJ (Z AJ (Z (O'prfo)?AJ ( AJ

n j=1 j=1 j=1 j=1

(vp) =

Jin + Jout Jin + Jout
A D (Cupo)iA ALY (aupofA, (3.1-203)
j=1 j=1
Jin Jout
= D Vet Y CrVi

i=1 i=1

and
Jin N Jin Jout N Jout
Z(agpgvg)j Aj ZAJ Z(dgpgvg)j A Aj
n j=1 j=1 j=1 j=1
(Vg)L = ' + '
Jin + Jout R Jin +Jout o
A Y (agpn)iA, ALY (00,)]A (3.1-204)
i=1 j=1
Jin N N Jout N N
= CeiVe.j + CeiVaj

where c;; and c, ; contain only old time quantities (no velocities).

Equations (3.1-203) and (3.1-204) are used for the momentum flux calculation, evaluation of the
interfacial heat transfer, and the Courant time step limit. For the evaluation of the wall frictional forces and
thewall heat transfer, different formulas are used.

For the evaluation of the wall frictional forces, the magnitude of the volume velocitiesis needed. An
obvious way to compute this magnitude is to take just the absolute value of the result from Equations
(3.1-203) and (3.1-204). A problem can occur when the magnitude is zero because the inlet velocity is
egual and opposite to the outlet velocity. To avoid this case, the calculation of the magnitude of the volume
velocities used in the wall friction uses the same form as Equations (3.1-203) and (3.1-204), with the
magnitude of the junction velocities used in the formulas. Thus, the equations used in the wall friction
evaluation are

[lanfpflVfl)?AJ[fAJ ( (afpflvﬂ)}lAJ[iAJ

j=1 i=1 j=1

vi] = + = (3.1-205)
Jin + Jout i Jin + Jout )
A D (i A, AL D (Cupo)iA

i=1 i=1
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Jin Jin Jout Jout

RN j=1 i=1 i=1

’Vg|L - . * : '
Jin + Jout Jin + Jout

AL z (agpg)JnAJ AL Z (agpg)JnA_]

j=1 j=1

(3.1-206)

For the evaluation of the wall heat transfer rate, a simpler version of Equations (3.1-203) and
(3.1-204) is used for the volume average velocities. This arose during the implementation of the
Groeneveld CHF (see Volume V) correlation into RELAP5-3D® |, where it was observed that the total
volume mass flux G, , which is based on the volume velocities, was not well behaved for the purpose of
wall heat transfer. The massflux G, is given by

GL= (agpgvg)L + (aspveL - (3.1-207)

It was found that the volume mass flux using Equations (3.1-203) and (3.1-204) for vy and vy was

as much as 30% below the volumes' inlet mass flux and outlet mass flux in RELAP5-3D®  simulations of
Bennett’'s CHF experiments (steady-state boiling of water in a heated tube). This Bennett experiment is
discussed in Volume I11 of this manual. As a result of the problem exhibited in Bennett’s problem, a
simpler version of the volume velocitiesis used instead for wall heat transfer.

Here, the average inlet phase velocity with respect to the total inlet junction cross-sectiona areais

Jin

de,jpf,jvf,jAj
Vpp = — | (3.1-208)

Jin

af,Lpf,LzAj

j=1
Substitution into Equation (3.1-196) yields the volume inlet liquid velocity, which is given by

Jin

D g pe Vi A,
Vo= — (3.1-209)
O L Pg L AL

Similarly, the volume outlet liquid velocity is given by
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Jout
Og jPr Ve A
_L i=1
Viouwr = ———————— . (3.1-210)
O L Pr L AL

Thus, using Equation (3.1-200), the volume liquid velocity used in the wall heat transfer rate
calculation is

1 i . . n IJOUt s s n
> Z (CePeve); A+ > Z (aePrve)i A

n j=1 j=1

Vf,L = N n . (3.1'211)
o P LAL

Similarly, the volume vapor/gas velocity used in the wall heat transfer rate calculation is

18, oy L1
EZ ((x‘gpgvg)j Aj + EZ (a‘gpgvg)j Aj
vy = = 171 . (3.1-212)

n n
Oy 1Pg, LAL

These forms of the volume average velocity produce the same mass flux at steady-state for the
volume aswell asfor itsinlet and outlet junctions, which is the desired result.

At branch volumes with multiple inlets and/or outlets, the viscous-like term (artificial viscosity)
discussed in Section 3.1.3 has a more general form. This is most easily shown by recasting the finite
difference momentum equations into a donor form for the momentum flux terms. The difference equations
for the sum and difference momentum eguations are

(0P (Ve = VAX; + (aepe) (vi T = VDA,
1 . . n n . n n . n
+ E(agpg)J [(Vg)L(Vg)L - (Vg)K(Vg)K]At
1 . . n n . n n . n
+ E(afpf)j [(VOL(VOL = (Vg (Vo) JAt (3.1-213)
= —(PL—P)" At +[(p,)] By — (0,p, ) FWG] (v, ™'

— (0P FWE (v T = (T (v — v T 1AX AL
— [(61,p,)/HLOSSG] v, | + (6,p)/HLOSSFv; | '1At

and
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2. n

C m n+ n n+ n
(14582 1077 v -8 =Dy
]

g

B ACR BRI EAHER Y

2agg

_ l(ﬂj:[(vf)z(\"f)i —(vr(VOg]At = — (P; ) (P —P)" »

2 oyp Pg 7
F( nVn 1 0(’n nVn+1_an nVn+])
—{FWG}](Vg);’”—FWF;’(vf)J'-”l { P V1 N } (3.1-214)
(agpgafpf)

i
+ n, n+l n+1 a p n n+l
gpg j

(“fp) HLOSSF}v; ' ]At
ap

+ (——m—) (Pr =Py By (¥ —yr)AL
PPt

g

where the donored volume liquid velocity for the L volumeisfrom

‘(Vf)L‘ _L

o) ( f,in ‘_/t out) . (31-215)
(

N 1
(Vf)L = E(Vf in tv Vi, out) -
Vi L
Here, ¥r,, is from Equation (3.1-197), ¥; ., is from Equation (3.1-198), and (v;)] is from Equation

(3.12-203). Similarly, the donored volume vapor/gas velocity for the L volumeis from

‘(Vg)L‘

S i~ Voow) (3.1-216)
(Vg)L

-L
(Vg, in tv g out) +z

N =

(Vi =

The donored volume liquid and vapor/gas velocities for the K volume are similar. The momentum
flux terms that use the velocities shown here default to the equation shown in Section 3.1.3 for a pipe with
no branching.

3.1.7 Multiple Heat Structures

Heat structures represent the solid structures bounding hydrodynamic volumes (i.e., pipe walls) or
solid structuresinternal to hydrodynamic volumes (i.e., fuel pins).

In previous subsections [see Equations (3.1-5) and (3.1-13)], the quantities, I',, Qyg, and Qf, which
arerelated to heat and mass transfer at and near the wall surface, were introduced. These were discussed as
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if only one wall surface could be attached to a volume. Similar to the possibility of multiple junctions
being connected to the ends of a volume, multiple wall surfaces representing quite different heat transfer
situations can be attached to avolume. ThustheI'y,, Qug, and Qs quantities involve summations over the

surfaces attached to a volume. Details of the summations are shown in Volume I V.

The previous subsections combined boiling and condensation in the I'y, quantity, but showed a

difference in the two situations through the factor ¢ [Equations (3.1-31) and (3.1-32)]. That notation is
correct for one heat structure connected to a volume and relies on the wall surface possibly boiling, or
condensing, but not both simultaneously. With multiple heat structures, some might be boiling and others
could be condensing. Accordingly, boiling mass transfer, I',,, and condensing mass transfer, I'., are

separated. Thus, the total mass transfer consists of mass transfer in the bulk fluid (I'jg) and mass transfer in

the boundary layers near the walls (I'y, and I'); that is,
Fg=Tig+Ty+TI¢. (3.1-217)

Both the logic for multiple heat structures and the logic of some heat structures in boiling, and some
heat structuresin condensing are used for both the semi-implicit scheme and the nearly-implicit scheme.

3.1.8 Implicit Hydrodynamic and Heat Structure Coupling

An option exists to implicitly couple the time advancement of the hydrodynamic and heat structure
models. One-dimensional heat conduction (non-reflood) and two-dimensional heat conduction (reflood)
are used to compute temperature distributions within heat structures. Hydrodynamic and hesat structure
conditions are coupled through heat structure boundary conditions. The solution matrix for the set of
simultaneous equations resulting from the implicit coupling of hydrodynamic and heat structure
advancement contains the same number of nonzero elements as discussed in the previous sections but with
some of the elements having additional terms. In addition, the total set of simultaneous equations includes
an equation from each mesh point of each heat structure attached to the hydrodynamic volumes. The heat
conduction equations have additional terms related to fluid temperatures introduced in the boundary
conditions. This larger set of simultaneous equations, however, is solved with only a modest increase in
computations compared to the explicit coupling. This implicit coupling can be used with either the
semi-implicit or nearly-implicit advancement.

The purpose of the implicit coupling of hydrodynamic and heat structure time advancement is to
more accurately model the exchange of energy between the structures and fluid in the volumes, to avoid
numerical instabilities due to explicit coupling, and to achieve reduction of computing time through larger
time steps.

The purpose of the remainder of this section is to show the additiona terms added to the
hydrodynamic equations because of the implicit coupling. A complete understanding of the implicit
coupling requires information from Section 4 describing numerical techniques for heat structures,
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information from Section 3.3.10 describing heat transfer correlations, and information from Volume IV,
describing relationships between heat transfer from structures, heat added to volumes, and mass transfer
near the wall associated with wall heat transfer. Equations (3.1-220) through (3.1-223) follow directly
from the material in Volume V.

With implicit hydrodynamic and heat structure coupling, some source terms in the mass and energy
equations for the semi-implicit and nearly-implicit schemes become implicit. In the continuity equations,

Iy, + I'c becomes 1:311 + 1:2,11 . In the vapor/gas energy equations, terms involving Iy, + I'c and Qyq
become

“n+l

To he s +Te Ry T +Quer (3.1-218)
In the liquid energy equations, termsinvolving I, + I'. and Qs become

“n+1 “n+1

s, n s, n “n+l
—Twihgp—Ter hyr +Quer - (3.1-219)

The wall heat transfer and mass transfer terms can be written as

~“n+1 1 ,n+1

n n “n+l n n “n+ n n s s, n
Qur = Quro+ Quee(Tr  =Tr) +~wag(1Tg ~T)* Quu(Te =T (3.1-220)
+ anfp(T ’ _Ts’n)
“n+1 _ n n “n+l n n “n+1 n n “s,n+l s, n
Que = Qugo T Quer(Tr  —Tp) + ?ngETg T + Que(Te =T (3.1-221)
n s,n+ s, n
+ Qng(T -T )
“n+1 “n+l n n “n+l n n “n+l n n “s,n+1 s,n
L= = Dl # D10 =T + Flwfg(Tg ~T) * Lon(Te =T (3.1-222)
+ (T =T
“n+l _ Zn+l _ n n “n+1 n n “n+1 n n “s,n+1 s,n
rc - rwg - 1—1wg0 + rwgf(Tf - T;f) + ngg(Tg - Tg) + FWgt(Tt B Tt ) (31‘223)
H(T7 =T

+1 “n+l

The variables T™" ,Tg ,and T?H are given by Equations (3.1-101) through (3.1-103), where TS
is the saturation temperature. When noncondensables are present, this TS is based on the partial pressure of
vapor [TS(Py)]. Some of the heat transfer terms, when noncondensables are present, use the saturation

INEEL-EXT-98-00834-V1 3-64



RELAP5-3D/2.3

temperature based on the total pressure P (= P + P,)). In Equations (3.1-220) through (3.1-223), the
saturation temperature based on Pg is denoted by TS(Py) and the saturation temperature based on P is

denoted by TS(P) . Thus, Tt  (P) isgiven by

Ns,n+1

s, n dT " n+ n
T (P = Tt;L(P)+(d_}f) PPy (3.1-224)
L

It should be pointed out that when the explicit coupling of the hydrodynamics and the heat structures
is used, only the first term in Equations (3.1-220) through (3.1-223) is used. These first terms use wall
temperature at new time and fluid temperature at old time.

When the implicit coupling of the hydrodynamics and the heat slabs is used, additiona terms are
added to some of the terms of the A matrix in Equation (3.1-118). These additional terms are next shown

as additionsto the A matrix elementslisted in Equations (3.1-121) through (3.1-144).

s s 0T s s\ OT"
A21 = A21 - At((ngg + 1—‘wfghg + ngghf)8_>(g - At((ngp + waphg + ngphf)ﬁ (31-225)
Ap = Ay—A FTyph + Ty i) e A # Tyt + Ty ) 28 3.1-226
22 T ST t(ngg wfgtlg wgg f)aU - t(ngp wiptg wgp f)gl_-]— ( L )
g g
_ s s an
Ay = Ay —At(Qygp + Iyypehy + rwgfhf)(% (3.1-227)

f

S S aT S S 6T
A25 = A25 - At(ngf + wafhg + ngfhf)a_Pf_ At(ngg + waghg + rwgghf)a)g

(3.1-228)
S S aTs S S dTS
- At(ngp + 1—‘wfphg + 1—‘wgphf)ﬁ - At(ngt + wathg + 1—‘wgthf)d_l)t
_ s s ?.I}é s s\ 0T®
A31 - A3] _At(wag - waghg - I_‘nghf) _At(wap - I_‘Wfphg - ngphf)_ (31_229)
oX, X,
_ s s a_Tg s s aTS
A32 - A32 _At(wag - 1—‘nghg - 1—‘nghf)aU _At(QWfp - waphg - 1—‘wgphf)a? (31_230)
g g
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S aT
Ay = Ay —At(Qypr — Typehy — Wgthf) ! (3.1-231)

s s.0T
A35 = A35 _At(waf - wafhg wgfhf) _At(wag wfgh wgghf)a)g

(3.1-232)
S aTs S S dTS
- At(wap wfph 1—‘wgphf)ﬁ - At(wat - wathg - 1—‘wgthf)d_Pt
T
Xn X,
Ap = Ap—2 My, T 3.1-234
42 — D4 At(Fng wgg) ou At(FWfp ngp)% ( L )
g g
A = Ay = 20T+ T, 0 20 (3.1-235)
aUt
A - A45 - 2At(rwff + ngf) - 2At(rwfg wgg)a)g
(3.1-236)
s dT

oT
- 2At(rwfp + ngp) OP _ZAt(rwft + ngt)d_Pt .

3.1.9 Numerical Solution of Boron Transport Equation

The boron field and its attendant modeling assumptions were discussed in Section 3.1.1.3. The
default numerical scheme for boron solute tracking is the upwind difference scheme; a second-order
accurate Godunov scheme can also be used and is activated by the user in the input deck. These two
schemes will next be discussed.

3.1.9.1 Upward Difference Scheme. Applying the upwind difference scheme to the boron
differential Equation (3.1-51) for the semi-implicit scheme, gives

n+l1

VL(pb L PE,L) +(F')E,j+1V?,;+11Aj+1 _pg,jv?,;lAj)At =0 . (3.1-237)

Figure 3.1-5 shows the meaning of the subscripts. Here, the boron densities in the convective terms are
evaluated at old time.
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-1 j j+1 j+2

Figure 3.1-5 Nodalization for boron numerics.

Applying the upwind scheme to the boron differential Equation (3.1-51) for the nearly-implicit
scheme gives

VLot =Pb) + (Pbie Vi e1Aj i —Pb Vi ADAL =0 (3.1-238)

Here, the boron densities in the convective terms are evaluated at new time. The coefficient matrix
generated by the liquid continuity Equation (3.1-178) is used.

3.1.9.2 Godunov Scheme. Accurate calculation of the boron field is required to simulate the
coupled hydrodynamics and neutron behavior of areactor. Recent advances in shock-capturing schemes or

the TVD schemes (the oscillation-suppression strategy of the total-variation diminishing scheme) achieve

impressive results for the numerical solution of the advective transport equations31-20:3.1-21,3.1-22.3.1-23

These schemes use locally varying positive artificial diffusion or viscosity (first order upwind) to suppress
oscillations combined with local negative viscosity (such as first order downwinding) to compress or

steepen the front. Rider and Woodruff31-24 reported that an algorithm using a second-order accurate
Godunov method with a highly compressive limiter can adequately solve the advective transport equation
for solute tracking. This method is chosen to solve the boron transport Equation (3.1-51) because it is

consistent with RELAP5-3D®  numerics and is applicable to complex geometry.

A second-order accurate Godunov method to solve the boron transport equation was implemented in

RELAP5-3D® . The new method si gnificantly improves the results as compared with that using the highly
diffusive first-order upwind difference previoudy used.

The equation governing boron transport, Equation (3.1-51), can be rewritten in a control volume (V)
with surface area A as

apbdv+ j pyy;edA =0 . (3.1-239)
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The use of the second-order accurate Godunov method to solve Equation (3.1-239) is well
documented by Rider and Woodruff3-123. The essential numerics are summarized below.

The numerical solution of Equation (3.1-239) can be written as

n+1

n At n At n
Por = Pot T AF —=A L Fi (3.1-240)

VL it VL ]
where Figur e 3.1-5 shows the meaning of the subscripts.

Theflux F;,, injunctionj+1iswritten as

1

1
+ =

Fn _ 1 " 2 n,L + n,M +
j+1 — 3 f,j+1(pb,j+1 pb,j+1)

n+z

Vel (PR 1 =P+ 1)} ; (3.1-241)

2

where volumes L and M are the volumes to the left and right of junction j+1. The time-centered velocity in
junction j+1isgiven by

1
n+-

1 n n
Vijer =V = E(Vf,}r:l +Vijer) - (3.1-242)

The boron density in junction j+1 (extrapolated from the left and from the right) is expressed as

Phjer = Pt (leL) (1 - V—At) S (3.1-243)
2 AXy.
and
Phi+1 = Pov— (leM) (1 + V—A:) S (3.1-244)
2 Ax

where S; and Sy are volume-centered limited gradientsin volumes L and M.
A similar equation can be written for FJn (using volumes K and L instead of volumes L and M).

The volume-centered limited gradient in volumeL, S; , isgiven as

INEEL-EXT-98-00834-V1 3-68



RELAP5-3D/2.3

St = (1+8,0)®(r, DS;,; = (1+6,0,)D(r, 1)(pb24_pb L) . (3.1-245)
Xj+1

Similar equations can be written for S¢ and Sy.
Note that both the superbee limiter of Roe>1"?® ®(r, 1) and an artificial compression factor®1-2° (1
+ 0, o) are used in the computation of the volume-centered limited gradient. The superbee limiter is

needed to ensure that the boron density is always positive and the artificial compression factor is used
because the number of grid pointsin modeling the reactor system tend to be relatively small. These factors

also ensure that the method is a TVD scheme.3122 The superbee limiter is defined as

®(r, 1) = max[0, min(2r, 1), min(r, 2)] (3.1-246)
where
—S (3.1-247)
Sj+l
5, = Pal Ll (3.1-248)
Ax;
and
Sj.1 = pbrxfp“ . (3.1-249)
j+1

1 —1
o = | 3.1-250
L 1 + |r| ( )
The parameter o is chosen to be afunction of the local Courant number v, = VLA ,andisgiven by
L
o = min (VL, 1- VL) . (31-251)
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Note that both the superbee limiter of Roe and the artificial compression factor are written as functions of
the ratio of the gradients of the boron density across the junctions at the left and right sides of volume L.

In modeling a reactor system, there are components containing volumes to which multiple junctions
are connected to form a multi-dimensional flow network. The cell-centered limited gradient S; is set to

zero in these volumes and the Godunov scheme revertsto the upwind difference scheme for these volumes.

The above numerical solution is used when the semi-implicit scheme is chosen to solve the field
equations. If the nearly-implicit scheme is employed to solve the field equations, the time-step used in the
scheme may be greater than the material Courant limit. A subcycling calculation of the boron transport is
implemented for the nearly-implicit scheme. In the method, the boron transport is integrated within each
large time step taken by the advancement of the field equations. The time step used in the boron cal culation
is limited by the Courant condition. The liquid velocity used in the boron calculation is interpolated from
the results of the field equations. The boron transport is calculated in such a fashion such that solutions of
the field equations and boron transport are synchronized in the same large time step.

3.1.10 Numerical Solution of Radionuclide Transport Equations

The radionuclide transport model and its attendant modeling assumptions were discussed in Section
3.1.1.4. The numerical scheme for radionuclide transport is the upwind difference scheme discussed in
Section 3.1.9.1 for the boron transport equation.

3.1.10.1 Semi-Implicit Solution Algorithm. Applying the upwind difference scheme to the
radionuclide transport differential equation for the semi-implicit numerical solution scheme gives

Vi(CIT =Cl )+ (Chinivi 1Ay —Cigvi s 'A)AE = AtV ST (3.1-252)

where C; is the number density of radionuclide specie i, subscript k is either f or g depending upon which
phase transports radionuclide specie i, and Figur e 3.1-5 shows the meaning of the other subscripts.

The source term in Equation (3.1-252) represents several different processes that may produce or
destroy a radionuclide specie. The production processes include addition of the specie from an external

source (modelled in RELAP5-3D® using general tables or control variables) and production of the
radionuclide specie by neutron capture in a parent radionuclide specie. The processes that destroy a
radionuclide specie are radioactive decay of the specie and neutron absorption in the specie. The source
term is given by the sum of these processes

SiL = XiL+PiL-DiL—AlL. (3.1-253)

The external sourceis given by
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Fi LNa
MWiVL

XiL = (3.1-254)

where F; | isthe flow rate of an external source of radionuclidei into volume L in kg/sec obtained from a
general table or control variable, N, is Avogadro’'s number, and Mw; is the molecular weight of
radionuclide specie in kg/kg-mole.

The production source by neutron capture in a parent nuclide is given by

N,

n n V
Pir=Co z Gp,gV_L W, o (3.1-255)
LT
g=1
where
CoL = number density of parent radionuclide p of radionuclidei in volume L,
Cp. = neutron production cross section in parent radionuclide p of radionuclide specie

i for neutron energy group g,

Ng = number of neutron energy group in the nodal kinetics model,

Vit = total volume of hydraulic volumes in neutron kinetics zone to which volume L
belongs,

WA = user input weight factor, and

Of 1 = flux-volume integral in neutron energy group g in neutron kinetics zone to

which volume L belongs.

The flux-volume intergal and the volume ratio need further explanation. The neutron kinetics model solves
for the neutron flux in a set of kinetics nodes that are different from but that overlay the hydraulic volumes
and the heat structures in the reactor code. The overlap is defined by zones. A zone is a collection of
hydraulic volumes and heat structures and a hydraulic volume or heat structure may belong to one and only
one zone. The average fluid properties and structural temperatures are computed as a weighted sum of the
propertiesin the volumes and heat structures in the zone, and these average properties are used to compute
the neutron cross sections in the neutron kinetics nodes that overlap the zone. The neutron flux can then be
computed in the kinetics nodes. The absorption and production processes need to know the neutron
flux-integral in the hydraulic volume, but the code only computesit in the kinetics nodes. The flux-volume
integral in the hydraulic volume is computed as the flux-volume integral in the kinetics nodes that
comprise the zone (computed as the sum of the product of the fluxes in the kinetics nodes and the volume
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of the kinetics nodes) to which the particular volume belongs multiplied by the ratio of the volume in the
particular volume to the total volume in al of the volumes belonging to the zone and a user input weight
factor. The weight factor is used to account for the fact that the kinetics nodes overlap the heat structures as
well as the hydraulic volumes (see Section 7.2.5 of this volume of the manual for a more complete
discussion of kinetics nodes and zones).

The decay source (actually asink) is given by,
Dip = MCip (3.1-256)
where A; is the decay constant for radionuclide speciei given by

7\‘1:111_2
T;

(3.1-257)
and T; isthe half-life of radionuclide speciei in seconds.
The neutron absorption source A}, (actually a sink) is given by an equation similar to Equation

(3.1-255) except that the neutron cross section is a summation over the production cross sections for all
radionuclides for which radionuclide i is the parent. It is given by

n _ n
Ai,L = Ci,L

Wiq)i T Z Gk, g (31'258)

where the summation over k denotes the fact that radionuclide specie i may be the parent specie for
multiple daughter radionuclide species and Ny is the number of radionuclide species for which

radionuclide speciei is the parent.

3.1.10.2 Nearly-implicit Solution Algorithm. The nearly-implicit solution of the radionuclide
transport equationsis similar to the semi-implicit solutions except that the time level of severa termsin the
equation have been changed. The conservation equation is given by

n+1 T+l o4

VU(CIL = Cl) + (Cli Vi AL = Cii Vi) ADAL = AtV (ST =870 (3.1-259)

where the source term has been divided into two parts, a part that is evaluated at the beginning of the time
step (i.e, explicitly) and a part that the evaluated implicitly (i.e., a the end of the time step). The explicit
parts of the source are the external source, the production source, and the absorption source. The explicit
source is given by given by
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1,n _ n n n
Sit = XyL+tPiL—A L

where the three terms are given by Equations (3.1-254), (3.1-255), and (3.1-258) respectively. Theimplicit
part of the source is the decay source and is given by

syttt =iy (3.1-260)
where the implicit decay source is given by
DI = (3.1-261)

The resulting equation contains contributions for the neighboring volumes in the flux terms just like
the solution equations for the second step of the nearly-implicit solution algorithm for the hydraulic
volumes. These equations are assembled into a closed system of equations and are solved in the same way
that the hydraulic equations are solved in the second step of the nearly-implicit solution algorithm.

3.1.11 Multi-Dimensional Flow Model

The multi-dimensional component in RELAP5-3D® was developed to allow the user to model more
accurately the multi-dimensional hydrodynamic features of reactor applications, primarily in the vessel
(i.e., core, downcomer) and steam generator. The multi-dimensional component (indicated by MULTID in
the input cards) defines a one, two, or three dimensional array of volumes and the interna junctions
connecting the volumes. The geometry can be either Cartesian (x,y,z) or cylindrical (r,0,z). The following
discussion will describe the full three-dimensional model; the two-dimensional model is a subset and will
not be discussed. An orthogonal, three dimensiona grid is defined by mesh interval input data in each of
the three coordinate directions. The maor modifications to the code were to add the full momentum flux
terms, as well as the associated input processing and checking.

3.1.11.1 Three-Dimensional Mass and Internal Energy Equations. The partia differential

equations for the conservation of mass and internal energy are of the form31-27 (for both vapor/gas and
liquid)

%‘f +Ve(p7) =0 (3.1-262)
p(%_[tj-'-\_/.VU) = —Veg—PVev+tr(SeVV)+pQ (3.1-263)

Multiplying Equation (3.1-262) by U and adding the result to Equation (3.1-263) we obtain,
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@Jgt—Uhv-(pUV) = —Veg—PVev+tr(SeVi)+pQ . (3.1-264)

The derivation of the three dimensional conservation equations described in the following sections
will alternate between the local partial differentia equation form above and the control volume form
derived below. Before deriving the control volume form, it should be noted that Equation (3.1-262) isin
conservative form (all derivative terms appear without any coefficients), but Equation (3.1-264) is not.
Even though the terms on the left hand side of Equation (3.1-264) are in conservative form, the second and
third terms on the right hand side of Equation (3.1-264) are not. The total energy equation, including
internal and Kinetic energies, can be written in conservative form, but the internal energy equation can not.

The local mass equation, because it is in conservative form, could be stated directly in control
volume form as a balance between rates of change and surface fluxes. Because the internal energy equation
is not a conservative form partial differential equation, no such primitive control volume statement exists.
The control volume form of the internal energy equation must be derived by performing a spatia
integration of Equation (3.1-264). When this is done, nonconservative terms appear, i.e., not al terms are
(a) time derivatives of volume integrals, (b) surface fluxes, or (c) volume sources.

3.1.11.1.1 Control Volume Forms--Consider the control volume V¢(t) shown in Figure 3.1-6.
V4(t) isthe volume occupied by one phase in the region of interest. V¢(t) is surrounded by surfaces §(t) and
S.- The surface S(t) is the interface between the phase in V¢(t) and the other phase. The surface S; is the
fixed surface of interest. The surface S;(t) moves with velocity v, whereas S. isfixed, i.e., v, =0on S..
Note, (a) v, isthe velocity of the interface, not the fluid velocity v, and (b) V¢(t) is a function of time
because S(t) is moving.

n <a— V(1)

D

SN

S| -

Figure 3.1-6 Control volume V4(t).

We need the following two integral theorems for any scalar field ¢ and vector field f defined in V(t):
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aﬁ J‘ o dvV = j ‘Zﬁ av + j ¢7. e dA (Fundamental Theorem of Calculus) (3.1-265)
tVf(t) Ve(t) ¢ Si(t)
I Vef dV = j fefi dA + j fei dA (Divergence Theorem) (3.1-266)
0 S0 S,

To derive the control volume form of the mass equation integrate, Equation (3.1-262) over V(t),

apply Equation (3.1-266) to the gradient terms, and use Equation (3.1-265) to evaluate the time derivative
term. Theresult is

f%v[t)p dV+!p\70ﬁ dA+SL)p(v—vs)-ﬁ dA =0 . (3.1-267)

c

Equation (3.1-267) is the general control volume form of the mass conservation equation. It can be
applied to any shape control volume, V, containing V¢ to obtain discretized finite difference formulas. In

the next section we will do this using Cartesian coordinate control volumes and cylindrical coordinate
control volumes.

To derive the control volume form of Equation (3.1-264), we integrate Equation (3.1-264) over V(1)
and apply Equations (3.1-265) and (3.1-266) as before. The result is

8% J.)pU dV+§[pU\70ﬁ dA + j pU(V—-7¥,) en dA

Vi(t Si(t)

(3.1-268)
=—IqoﬁdA—JqoﬁdA— J PVev dV+ jtr(S-W)d\u j pQ dV .
S, Si(t) Vi(t) V(1) V(t)

Thisisthe basic contral volume form for the internal energy equation.

Before proceeding to the discrete forms we introduce the following terminology for the source terms:

)1
I

\l, .[ p(v,—V)en dA = massgeneration rate per unit volume
Si(t)

\l/ I pQ dV =rate of direct heating per unit volume

Vi(t)

=
1l
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D. =

. \l/ J‘ tr(S e V¥) dV = viscous dissipation rate per unit volume.

Vi(t)

3.1.11.1.2 Discrete Forms with Approximations--Consider Figure 3.1-7 with the following
terminology:

Figure 3.1-7 Control volume for discretization.

\% = volumein dashed lines, i.e., spatial volume containing V; plus “holes’ occupied
by other phase

A = total areaof facei of V

Ag = areaof A; flowing fluid phase we are considering.

For any particular face o, = % and o, = %f

1

With this terminology, we return to Equations (3.1-267) and (3.1-268).

To discretize Equation (3.1-267) and (3.1-268), we will represent all volume and surface integrals
assuming uniform profiles for each variable. Doing this for Equation (3.1-267) gives

0 _
a(PVf) + ZAcipi(V o), = VI

or
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0 — -
(P V) * ZAiaiinm =Vl (3.1-269)
where v;,, is the normal component of v on facei.

To complete the discrete form of the mass equation, the time derivative in Equation (3.1-269) is

written as

= (o0
< V) = V[p=+
at(ocvp) P T

and discretized with old n-time levels on the coefficients. The flux terms have the normal face velocities
evaluated at n + | - time levelswith the face o; and p; donored at the old n-time level. " islinearly implicit.

We now consider Equation (3.1-268). The third term on the right-hand side of Equation (3.1-268) is
approximated assuming a uniform pressure in the volume V. Hence,

IPVovdVZPIVOVdV

Vi(©) V()

= PU\‘/ eii dA + I Vei dAJ (using the Divergence Theorem)

Sc Si(t)

or

jPVonVzPUv-ﬁdA+ [(-v)enda+ J.\‘/SoﬁdA} . (3.1-270)

V() S, S;(t) Si(t)

Now applying Equation (3.1-265) to ¢ = 1 we have

a%jld\/z [ v.onaa

Vi(H) Si(H)

and using this for the last term in Equation (3.1-270) gives (remember P is assumed constant)

jpv-vav = Pjv-ﬁdA+Pj(v—vs)-ﬁdA+Paa—\if . (3.1-271)
S.

Vi(t) c Si(H)
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With this approximation for the pressure-volume change work term, Equation (3.1-268) becomes

0 o
— + A =
= [ pudv [puvend
Vi(t) S,
_Iq.ndA Iq-ndA P@(%V)_PI o dA — I(UJ’Q)"(V Ve dA (3.1-272)
Si(t) S\
+DSV+RV

As before, assuming uniform profiles for al integrands, Equation (3.1-272) can be discretized as

(%(avaV)+ZAavam——IqondA+QV P[ +2Aavm}

(3.1-273)
+h; FV +D,V+RV
where

hj = U+2 on S
p

Qi = - \l/ I g e n dA =rate of heat addition to phase per unit volume at the interface
Si(t)

- I qen dA= rate of heat addition to phase at surfaces other than §(t). This term contains the

conduction contribution where S; is occupied by the phase, and the heat
addition by walls where S, is a solid bounding wall.

When applying Equation (3.1-273) to afinite control volume, the discretization intimeislike that in
the mass equation and it is written as

0 da, p .., ,0U
< UV) = U=+q,U
at(ocvp ) (p 5 U +o,p 8t)

The donored flux terms are also like that in the mass equation. [Here they are the second term on the
left-hand side and the fourth term on the right-hand side of Equation (3.1-273).] Theinterface heat transfer,
Q;, is evaluated in a linearly implicit manner, and h; is at the old time level. The Dg and R terms are

explicit.

For afinite Cartesian coordinate control volume asin Figure 3.1-8, the volume V is given by
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AY

—_>N<

A
— > Vy
Az
Z 'y 4 AX—p
Y1
Figure 3.1-8 Cartesian control volume.
Z3¥2%;
V = j'“- dxdydz = AxAyAz (3.2-274)
LARARS
and for the areaterms we have
x-faces Ay = AyAz
y-faces A, = AxAz
z-faces A, = AxAy . (3.1-275)

These are used in Equation (3.1-269), the discrete form of the mass equation, and Equation (3.1-273),
the discrete form of the internal energy equation. The numerical technique for the difference equations
reguires the volume be equal to the volume flow area times the length for each coordinate direction.

For afinite cylindrical coordinate control volume asin Figure 3.1-9, the volume V is given by

21,0, 52

V = j”rdedrdz :%

r, +

2 2
AOAZ = rzz;r‘AeAz = (2—rl)(r2—r1)AeAz (3.1-276)

r
1
21,6,
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Figure 3.1-9 Cylindrical control volume.

or
V = rArABAz

and for the areaterms we have

r-faces A, = r AbAz

ArAz

0 -faces Ay

TTrdrdG =1, ArAO .

0,1,

z-faces A,

These are used in Equation (3.1-269), the discrete form of the mass equation, and Equation (3.1-273),
the discrete form of the internal energy equation. The numerical technique for the difference equations
reguires the volume be equal to the volume flow area times the length for each coordinate direction.

3.1.11.2 Three-Dimensional Momentum Equations. As with the one-dimensiona phasic
momentum equations, the three-dimensional phasic momentum conservation equations are used in an
expanded form and in terms of momenta per unit volume using the phasic primitive velocity variables v

and v;. In this way the three-dimensional momentum equations can be used to advance the velocity
components directly, instead of density times velocity. This is more convenient for development of the

numerical scheme. The partial differential momentum equationsin the 3 directions are of the form31-1 (for
both vapor/gas and liquid)
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p(%’+\70V\7) = —VP+G+pf .

For Cartesian coordinates, the momentum flux is given by

ov A ov,
X_ V + VZ
ox oy 0z

:
:
[

X component
y component

z component

and for cylindrical coordinates, the momentum flux is given by

v oV, + Yo oV, Vé + OV, r component
or r 00 1 oz P
- - — OVy , Vg OVy ., V,V ov
VeVV = |y 204 20 2204 Tri0y . 210 0 component
or r 09 r oz
ov, Vg OV, ov
v, +—= —=+v, Z component .
or r 00 oz

RELAP5-3D/2.3

(3.1-277)

(3.1-278)

(3.1-279)

3.1.11.2.1 Control Volume Forms--To derive the control volume form of Equation (3.1-277), it

isintegrated over V¢(t), using

I odV = §V; = a0V .

Vi(t)

(3.1-280)

Here, ¢ represents the average value of ¢ in the control volume. For ease of notation, the bar (-) over
the ¢ will not be used in subsequent formulas. The notation for these terms can, at times, require many
superscripts and subscripts (see Reference 3.1-1). The result is, dropping the superscript bar (-),

ocvpV(a—\z+\70V\7) =—-a,V VP+ J. 6 dV +a,pfV .

Vi)

(3.1-281)

3.1.11.2.2 Discrete Forms with Approximations--The control volumes for momentum are

staggered asin the ICE scheme.31"28 Other guidelines are as follows:
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The time derivatives and convective terms are discretized with old n-time levels on the
coefficients.

All derivative terms in the convective terms are donored, i.e., the gradients are calculated
using upstream values for the finite difference divided differences. Old n-time levels are
used for al termsin the convective terms.

o represents the viscous stress gradient terms in Reference 3.1-1. This term will give rise
(after use of the Divergence Theorem) to three terms for (&) viscous stresses acting on the
surface S, occupied by fluid (these viscous stresses are generally small for reactor
applications in the vessel and steam generator, where solid structures in the fluid paths or
short length in the radial direction result in form loss, wall friction, and interphase friction
being the primary source terms in the momentum equation), (b) viscous stresses acting on
the part of S that consists of solid wall (these give the normal wall drag term), and (c)

viscous stresses acting on Si(t) (these give the normal interface drag terms).

The wall and interface drag correlations must satisfy certain invariant requirements that
follow from the symmetry of the imbedded solid structure. These forms areimplicit in the
velocities.

For volume V in Cartesian coordinates, Equation (3.1-274) is used. For lengths, Ax, Ay, and Az are
used. The momentum flux is given by

Av, Av, Av,
Vy tvy +v,— X component
Ax Ay Az
VXA—VY + VyA—VY + VZA—VY y component (3.1-282)
Ax Ay Az
Av, Av, Av,
Vi—t+V, +v,— z component .
AX Ay Az

For volume V in cylindrical coordinates, Equation (3.1-276) is used. For lengths, Ar, r,A0, and Az
are used. The momentum flux is given by
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Av. vy Av, vy Av,

v, - + = v, ~ r component
m m (3.1-283)

r% + Y0 Avy + VYo Vz% 0 component

Ar 1, AO r, Az
AVZ Vo AVZ AVZ
— = 4y, z component .

Ar 1, AO Az
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3.1.11.2.3 Shallow Water Equations--This section discusses the situation for horizontal
stratified flow, where water is the working fluid. Flow at low velocity can be stratified as a result of
buoyancy forces caused by density differences between vapor/gas and liquid. When the flow is stratified,
the area average pressures are affected by nonuniform transverse distribution of the phases. Asaresult, an
extra force term is needed in the momentum equation. This term is already present in RELAP5-3D© for
1-D components (Section 3.1.1.5 of this volume of the manuals), and this section shows its derivation for
3-D components. The term is particularly important for situations where the flow is stratified.

The hydrostatic forces (pressure) assuming small vertical motion are shown in Figure 3.1-10, with
PT, P|, and PB related by

Pr
>
agh
P > level
> .
= g gravity

Figure 3.1-10 Hydrostatic forces (pressure).
P = Pr+ogpgoh, (3.1-284)
Ps = P + apsgh . (3.1-285)

The forces on the vapor/gas due to this pressure distribution are shown in Figure 3.1-11, and are
given by

Figure 3.1-11 Forces on vapor/gas due to pressure distribution.
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- (h(x‘g];_)g)x + Ax + (hag];_)g)x + Pl(a‘gh|x +AX O(’gh|x)
forces on ends axial force due to
sloping interface

where I_Dg isthe average pressure at aface in the vapor/gas, i.e.,

— +
P, = P—T2 P

Taking the limit in Equation (3.1-286) per unit length gives (also divided by h)

force on vapor/gas = — 0(a,Py) + Pl%
ox ox

_ oP — oo

Now using Equations (3.1-287) and (3.1-284), gives

_ (Pi—o.phg)+P; _ Pl_agpghg

P =
£ 2 2

and substituting thisinto Equation (3.1-288) for |5g gives

force on vapor/gas = — ag(a— 5
X X

or
force on vapor/gas = —o,— + o, p hg% .
fox PP T ox

A parallel development for the force on the liquid leads to

force on liquid = — ocfaa—Pf + (P, —P; ‘?p
X X

where
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2

(3.1-286)

(3.1-287)
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P; = Pyt Py .
2
As before this reduces to
force on liquid = — ocfa—PI + aph g% (3.1-290)
ox ox

We now define how P, (or Py or Pg) is related to the mean pressure P cal cul ated by the code.

The code will make the pressure calculation based upon a vertical force balance assuming a mixed
flow as shown in Figure 3.1-12 with a gravity head relating Pt and Pg. We note that adding the vertical

momentum equations keeping only pressure and gravity terms gives

Pr
(@)
o © @)
o © 0O
o © 9
PB
Figure 3.1-12 Mixed flow pressure distribution.
0=- Z—P +0l,P,g + 0Prg (3.1-291)
V4

and integrating over the control volume in the z-direction gives
Py = Py +a,p,gh+opegh (3.1-292)

which gives the same Py - Pt as given by Equations (3.1-284) and (3.1-285), i.e., stratified or not, we get
the sametotal AP in the z-direction, it isjust distributed differently in the z-direction.

If we use the present RELA P5-3D® convention for mean pressure (Section 3.1.1.5 of this volume of
the manuals), i.e.,

P = o,P,+o:P¢ (3.1-293)
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then we get
P = ag(PTTJ’PI) + af(f%) (3.1-294)

and using Equations (3.1-284) and (3.1-285), this becomes

2 2
P = Pl_agpghg . %pchg

3.1-295
2 2 ( )
Putting thisinto Equation (3.1-289) gives
2 2
force on vapor/gas = — ag[g—g + éa_(otgnghg> - aﬁ(afp;hgﬂ + ()Lgpghg%gl-g
XX X X (3.1-296)
oP oa
= - aga_x + afag(pg_pf)hg&g .
Putting Equation (3.1-295) into Equation (3.1-290) gives
2 2
force on liquid = — ocf[g—P + (SQ(OLJ%E) — g(%fhgﬂ + afpfhgaa&
xoox X X (3.1-297)

_ oP oa.
== Gf& + oo (pr— Pg)hgﬁ

Equations (3.1-296) and (3.1-297) show the form of the pressure gradient term in Equation (3.1-281)
for the 'x’ (horizontal) direction in stratified flow for Cartesian coordinates for the liquid and vapor/gas
phases. Similar forms can be derived for the 'y’ (horizontal) direction in Cartesian coordinates and for the
'r'" (horizontal) and *©’ (horizontal) directionsin cylindrical coordinates.

3.1.11.3 Three-Dimensional Momentum Equations in Cartesian Coordinates. This
section discusses the implementation of the momentum flux terms for the three-dimensional momentum
equations in Cartesian coordinates and how they are evaluated in the interior boundaries of a 3-D region as
well asthe 1-D to 3-D connections.

For the convective terms, we are interested only in the spatia gradient terms from Equation

(3.1-277). The Cartesian form of the spatial gradient terms of the momentum flux terms are given in
Equation (3.1-278), and are repeated here for reference. They are
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ov, ov, ov,
v,— *t vy +v,—,
0x oy 0z
ov ov ov
VX&Y + VYa_yY + Vzgzy , and (3.1-298)

ov, ov, ov,
Vi—tv,—+v,— .
ox Yoy 0z

The finite difference form and implementation of these equations for the semi-implicit scheme are
given in the next section. The equations are also implemented for the nearly-implicit scheme (derivative
terms are at new time), but they will not be shown here. The time advancement (solution) schemes for the
semi-implicit and nearly-implicit schemes discussed previously for the one-dimensional equations are also
used for the three-dimensional equations.

3.1.11.3.1 Finite Difference Form of the Momentum Flux Terms--The momentum flux
termsin finite difference form will be presented here. Considerations for boundary conditions and external
connections will be given in the following sections. Although these difference equations are straight
forward, the interior cell equations will be discussed before doing the side cell or corner cell forms. The
index notation is shown in Figure 3.1-13 for the 'x-y’ plane, and Figure 3.1-14 for the 'x-z’ plane. The
variables’v,’, vy, and v, aretheX, y, and z velocities respectively; the subscriptsindicate the cell edges

where the velocities are defined.

A

? |Vyi,j+3/2
L VXLU2J+1 o Yidpier.
AYjs1 -1+l e i+l i+l
? ‘Vyi—l,j+]J2 |Vyi,j+1/2 ‘Vyi+1,j+ﬂj
vyl Vo I vl
Ay, L e i) e i
v
| Yij-u2 ‘VVHLyuz
. .. Vxivizja
i-1,)-1 ij-1 —  1+1j-1
-— AXi —><—AXi+l—>

Figure 3.1-13 Interior cellsfor xy plane.
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A

\/
‘ Zj k4312

VX. V
12k i .
Lkl —e kL X2k k+1

A

<« B —»< 5 —»
8 x
>

rZrLk+yz ‘VZLk+ﬂ2 ‘VZHlk+ﬂ2
Vx. V V|
i-1/2,k X; . X,
i1k — L ik e i+Lk Rk
\Y Y
‘ % k-1/2 ‘ ZisLk-12
Vy.
. . i+1/2k-1
i-1,k-1 ik-1 —p 1+1,k-1

-€— AX —| — AXj1 11—

Figure 3.1-14 Interior cellsfor xz plane.
The momentum control volume for flow in the 'x’ direction in the 'x-y’ plane is shown in Figure

3.1-15. The momentum flux term in the’x’ direction is given by

v Dy Vyavx by D (3.1-299)
ox oy oz

Expanding each of the terms in Equation (3.1-299) in finite difference form using a donor formulation,
where the spatial gradient term is evaluated on the upstream side relative to the velocity that multipliesit,

we obtain

n n
V“ VXi+ oik VXi*]/Z.I.k for V“ >0
Xi+1/24k Xit1/2jk

ov AX;jx
N = (3.1-300)
X n n
V“ in+3/2ik_Vx1+l/Zik for V“ <0
Xi+1/2jk AX. ik Xi+1/2jk ?
1 oJs
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A

? ‘Vyi,j+3/2
Vy
-12j+1 . . Vy. e )
AYjs1 i-1j+1 L X_>'+1/2"+1|+1,J+1
v | ) !
v Vi vy
¢ ‘ Yi-1j+1/2 Yij+12 |+1,1+JJT
Vy | Vo | v
. 2, 1 X L S
Ay; 1] — ] LR
Y A A
\ V.
Yij-u2 Yistja2
o o Wanja
i-1,j-1 -1 —  1+1)-1
-q— AXi —><—AXi+1—>

Xi+1/2 jk

n n
-V
S Xi+1/2jk Xi+1/241k S >
Yi+1/24k 1 for Vyi+l/2.j.k >0
E(AYiJ,k +AYij1x)
(3.1-301)
n n
\—,“A » Xi+1/2+1k in+l/2.i.k for v“‘ < 0 , and
Yit1/24k 1 Yi+1/24k
E(AYi,jH,k +AY; i)
n n
S in+l/2ik VX;+1/211«1 for \_,n >
Zi+1/2,4k 1 Ziv1/24k
E(Azi,j,k +AZj40)
(3.1-302)
n n
Sh x1+1/2ik+l_vx1+l/2ik St
v, - forv, <0.
i+1/2,jk 1 i+1/2,jk

E(AZiJ,k+1 +AZ; )

In Equations (3.1-301) and (3.1-302), the velocities not located on the junction plane 'i+1/2', i.e.,
v , are the direct average of the four surrounding junction velocities. Namely,

Yi+1/24k

3-89 INEEL-EXT-98-00834-V1



RELAPS5-3D/2.3

_n 1

n

n
= - + -
VYH»I/Z,j,k 4(Vy|,j—1/2,k Yijri2k Vyi+lj—l/2,k VYi+1J+1/2,k) (31 303)
and
o=ty v V) (3.1-304)
Ziv1/2jk 4 Zijk-12 Zijk+12 Zi+ 1 jk-112 Zi+ 1 jkt1/2 ) '

The momentum control volume for flow in the 'y’ direction in the 'x-y’ plane is shown in Figure
3.1-16. The momentum flux termin the 'y’ direction is given by

A

? ‘Vyi,j+3/2
C o in-JJ2J+l . VXi+112,j+l- .
AYj+1 i-1,j+1 it Lo itlj+l
? ‘Vyi.l,jﬂ/z ‘Vyi j+12 ‘VYi+1,j+1/T
Vx ) Vy. . Vx. }
Ay, 1] e L R
V.
‘ Yij-12 ‘Vyi+1,j—JJ2
- . Vxisvzjg
i-1j-1 -1 —  1+1)-1
— AXj —p — AXj1 1

Figure 3.1-16 Control volume for the momentum cell about v

Yigrink "

v,— +v,— +vy,— (3.1-305)

Expanding each of the terms in Equation (3.1-305) in finite difference form, using a donor formulation for
the spatial gradients, we obtain
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n n
S VY1i+I/2k_VY1—1.i+I/2.k for \_/n >0
Xij+1/2k 1 Xij+1/2k
ov (AX1Jk+AX1 l_jk)
v o (3.1-306)
ox o o
Vn Yi+ 11k Yijt12k for \—/;‘ <0 ,
|]+1/2k 1 1,j+1/2.k
(AX1+1_]k + AXle)
Vn Vn
n : )
Vy . Yij+1/2k Yij-1/2k fOI' >0
Lj+1/2k AV, . leH/zk
ov Yijk
v, o (3.1-307)
oy n n
n VYi'+‘s/2k_VYi'+l/2k
Vy 32, 12, forv <0 ,and
Lj+1/2k AV. . +1/2,k
Y1,_| + 1,k
n
\—/“ Vyl.i+l/2k y, fr12k-1
Zyj+12,% 1 |,+1 Zk
ov E(AZ k+AZ1dkl)
v, = (3.1-308)
0z n
‘_/n VY, 12+ _ Y. 172k
Zijr12k 1 1‘J+l 2k
(Azl] k+1 + AZI,J k)

where the over-score quantities are average vel ocities given by

—n 1

_ n
Xy jr1/2,k - 4(VX1—1,23,k VXHI/Z.J,k in—l/z,J+l.k VXHI,ZJH,k) (31 309)
and
o=l V4 V) (3.1-310)
Zyj+12k 4 Zijk-172 Zijk+1/2 Zijt1 k112 Zijt1 k+1/2 '

Finally, the momentum control volume for flow in the 'z' direction in the 'x-z' plane is shown in
Figure 3.1-17. The momentum flux term in the’Z' direction is given by

v Doy yaV vy, e (3.1-311)
ox dy ‘oz
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Figure 3.1-17 Control volume for the momentum cell about v

A

v
X2kl |

A

i-1,k+1 —fm——l

V.
‘ Zj k4312

V.
k1 2R g ekl

4—5—»4—5—»
+
&

-— AXi—>

~— AXj11—

Zijk+1/2 "

F/Zi-l,kHJZ ‘ Zj k+1/2 ‘Vzi+l,k+]J2

Vy Y v,

. i-12,k Xid1/2.k . X

i-1k B ik g i+l k2K
\ Y
‘ % k-1/2 ‘ Zis1k-12

. . VXi+]JZ,k-_1

i-1,k-1 ik-1 — 1+1k-1

Expanding each of the terms in Equation (3.1-311) in finite difference form, using a donor formulation for
the spatial gradients, we obtain

—n
Xijk+1/2
ov,
X :>
0
—n
Xijk+1/2
—n
Yijkt12
ov,
Vy =
dy
—n
Yijk+12
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n n

Zijcin VZi-l k12 for \_/n
1 A +A Xijk+t12 —
=( Xijk Xi—l,j,k)
2
n n
Zitljk+1/2 VZl.i.kH/Z for ‘—/“
1 A +A Xijk+1/2 ?
=( Xitljk Xi,j,k)
2
n n
VZl.i.kﬂ/z VZl.i-lk+l/2 for v >
1 A +A Yijki2
=( Yijk Yi,j—l,k)
2
n n
Z. . - Z: —=n
1 ij+1k+1/2 ij.k+1/2 for Vy__kﬂ/z < 0 s and
1)
~(AYijex T AYij)
2
3-92

(3.1-312)

(3.1-313)
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n n
V“ [Vzi'kH/Z — VZi'k—l ZJ for V“ >0

Zijk+1/2 . Zijk+12
ov, AzZijx
s (3.1-314)
4 n n
n v, — V. n
v Likt3/2 12 | for v <0
Zijk+1/2 AZ. . il Zijkr12 2
L),

where the over-score quantities are average vel ocities given by

—n _1,n n n n
qu,k+]2 - 4(in-1/z,j,k in+l/2‘],k VXi-]/Z.j.kH VXHI 2.j,k+1) (31 315)
and
—n 1 n n n

= - + + _
Vyi‘j,kﬂ’z 4(VY13-1/2,1< V}’;,j+1/z.k VYiJ-l’Z.kH Vyij+1/2,k+l) ' (31 316)

3.1.11.3.2 Momentum Flux Terms at Interior Boundaries--The terms for the momentum
equations tangent and normal to an interior bo